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ABSTRACT
Polymeric optical materials generally are comprised of amorphous polymers that are
transparent in at visible wavelengths but exhibit strong absorption bands in the nearinfrared making them less useful for many optical applications. Attenuation, which is the
absorption per unit length, largely results from the high vibrational energy associated
with carbon-hydrogen bonds contained in the polymer backbone. Attenuation can be
mitigated by optical amplification utilizing light emitting additives. Investigated in this
dissertation are synthesis techniques for the fabrication of light-emitting polymer
nanocomposites and their resultant thermal and rheological characteristics for potential
use as polymer optical fibers or films.
Inorganic nanocrystals doped with optically active rare-earth ions (Tb3+:LaF3) treated
with organic ligands were synthesized in water and methanol in order to produce
polymethyl methacrylate (PMMA) light-emitting nanocomposites. Two different
aromatic ligands (acetylsalicylic acid, ASA and 2-picolinic acid, PA) were employed to
functionalize the surface of Tb3+:LaF3 nanocrystals. We have used infrared spectroscopy,
thermal analysis, elemental analysis, dynamic light scattering, rheological measurements
and optical spectroscopy to investigate the nanoparticle structure and composition
response of ligand-capped nanocrystals under various synthesis parameters. A
theoretical interpretation of particle-to-particle interactions also was conducted which
supported our study of the potential of agglomeration within the nanoparticle
suspensions.
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Novel amorphous polymers (e.g. perfluorocyclobutyl aryl ethers, PFCB), which do not
exhibit strong C-H vibrations, have been reported to possess excellent optical properties.
Little is known of the intrinsic properties of PFCBs (e.g. biphenylvinyl ether, BPVE and
hexafluoroisopropylidene vinyl ether, 6F) as well as the behavior of the polymer melt
during extrusion. We preformed empirical and experimental thermal and rheological
evaluations of BPVE, 6F and polymer nanocomposites of varying loading levels. These
studies provide greater understanding of the melt performance of BPVE, 6F and for
optically active nanoparticles within PMMA. The data and the use of a fiber melt
extrusion modeling package allowed for the construction of viable initial melt fiber
extrusion parameters.
Many researchers have focused on the development of polymer light-emitting
nanocomposites and novel amorphous polymers for optical applications. I, however,
have focused particularly on developing a fundamental understanding of the nanoparticle
synthesis. My work concentrates on the surface chemistry of the nanoparticle with an
emphasis on the interaction between the surface attached ligand and the polymer matrix.
This research will aide in the development of a more optimized and compliant polymeric
nanocomposites for optical applications.
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CHAPTER ONE
INTRODUCTION
Historical Overview
The electromagnetic spectrum has been used as a means of communication for millennia.
Examples include smoke signals sent by the indigenous peoples of North America and
China as well as the ancient Greeks and Phoenicians who employed mirrors to reflect
sunlight from signaling towers over great distances 1, 2. In these forms just like modernday free-space optics (transmission of modulated visible or infrared beans through the
atmosphere), the transmission of information can be limited by atmospheric conditions
such as fog, rain, dust, snow, smog and the existence of a clear line of sight between the
sender (source) and the receiver 1-3.
Transferring data from one location to another moved from mirrors to being
electronically transmitted via copper wires with the invention of the telegraph by Samuel
Morse in 1838. The telegraph utilized electrical pulses of “dots” (short pulses) and
“dashes” (longer pulses) to transmit information over copper wire using what became
commonly known as Morse code and ultimately lead to the development of telephone by
Alexander Graham Bell in 1876 4. The basic construction of the telephone consisted of a
transmitter composed of carbon granules packed behind a diaphragm (microphone) which
converted sound (acoustic energy) into electric energy. The variations in air pressure
from the sound were transferred to the carbon when the sound waves struck the
diaphragm. The resistance of the carbon varied inversely with the air pressure and the
current varied inversely with resistance, resulting in an analog sine wave proportional to
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the frequency and amplitude of the sound 5. The receiver (an electromagnet with a
diaphragm) reconverted the electrical signal back into sound. Interestingly as the
telegraph and telephone were granted patents, the concepts for guiding light were being
discovered and applied.
The discovery of guiding light by total internal reflection is credited to Jean Daniel
Colladon who demonstrated that sunlight could be confined in a stream of water in
1841 2, 6. He attempted to show how fluid streams disperse as they move through the air
within a lecture hall and decided to illuminate a nontransparent tank of water by using a
nontransparent tube fitted with a lens to focus sunlight. The tank was built with a hole on
the opposite side from the entrance of light to allow water to flow out. Total internal
reflection confined the light within the water stream that followed a parabolic path unless
the stream was disrupted 7.
Jacques Babinet is noted to have performed similar experiments with candle light and
curved glass rods in 1843 2. The use of the phrase, “light piping,” is the first reference to
optical waveguiding, a structure that typically guides electromagnetic waves in the
ultraviolet, visible or infrared spectrum, and is credited to William Wheeler who invented
a light piping network to illuminate homes in 1880

3, 6

. Another early application for

optical waveguides was in the production of glass fiber for endoscopes in the 1900s 2, 8.
Optical communications was further advanced by Bell, with the invention of the
"photophone" in 1880. This invention transmitted the first wireless telephone
communication by transmitting sound via a beam of light. In this system, sound waves
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were directed towards the transmitter modulator (a thin glass plate with silver coating on
one side) and their resulting vibrations of the sound waves caused the transmitter
modulator to vibrate and to alternate from becoming concave and convex. This plate
displacement in response to the sound waves caused modulation of the reflected beam 9.
These modulated beams of light were then projected to the receiver that converted and
converted back into sound 1. The receiver consisted of a parabolic mirror that
concentrated the light beam on a selenium detector which was connected in series with a
battery and telephone earpieces. The detector itself was composed of a stack of
individual selenium cells connected in parallel. Upon the introduction of the modulated
light to the cells, the resistance changed varying the strength of the current sent to
telephone earpieces which reconverted the electrical signal back into sound 9.
The trends in data transmission over the last 100 years are shown in Figure 1.1. In order
to transmit information, the electromagnetic waves (carriers) transport data through
signal modulation i.e., changes in amplitude, frequency or phase of the wave. Increases
in carrier frequency affords larger information capacity or bandwidth 8. Copper wires
were the main mode of data transfer from 1850s until 1960s. However, signals
transmitted in this medium are susceptible to interference, capable of interfering with
other electrical equipment and prone to loss of attenuation at short distances (~ 100 m) 10.
Attenuation is the change in signal intensity with distance and is usually quoted in units
of normalized loss per unit length (e.g., dB/km). For copper wire, the attenuation loss per
unit length is proportional to the square-root of the frequency 11 with a value of ~100
dB/km at 25 MHz 10 and the bandwidth is approximately 100 MHz for 100 meters.
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In essence copper wires have the drawbacks of low bandwidth, low transmission speeds
and susceptibility to electromagnetic interference. With the developments of coaxial
cables in the 1940s high frequencies (i.e., radio frequencies) were used as the carrier
signal 8, 12. Coaxial cables are comprised of a copper wire conductor core encased in an
insulating sheath that is surrounded by braided foil copper conductor. The radio signal is
confined between the copper wire and foil conductors (i.e., it is a radio frequency
waveguide) and this effectively reduced the effect of interference to other electrical
equipment. The maximum bandwidth for coaxial cables is ~ 1 GHz which results in the
ability to transmit more data when compared with copper wire 10. The constraints that
limit its application are those of attenuation and noise 11.
Shortly after the invention of the laser in 1958, Charles Kao and George Hockham (1966)
proposed using glass optical fiber as a communications medium 13. The first
commercially manufactured optical glass fiber was made in the 1970s by Robert Maurer,
Peter Schultz, and Donald Keck of Corning. The materials basis for the silica glass
optical fiber was founded on J. Franklin Hydes’ idea of synthesizing glass by spraying
liquid silicon tetrachloride (SiCl4) into a flame of a welder’s torch which reacted with
water vapor in the atmosphere produced by the burning fuel to form extremely pure soot
of fused silica (glass) 14, 15. The first successful fiber was produced by vapor deposition
wherein a thin layer of titanium dioxide (TiO2)-doped fused silica was deposited on the
inner wall of a thick-walled tube of pure fused silica. The tube was heated externally to a
temperature that allowed the TiO2-doped SiO2 to sinter and form a solid core fiber
material. The resulting glass fiber had a refractive index (RI) that was approximately 1%
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higher that the surrounding pure fused silica sheath (clad) and thus this sheath/core fiber
acted as an optical waveguide

13, 14

. Optical fibers have increased bandwidths (100 THz)

compared to copper wire and coaxial cables and transmitted more data faster 10.
In the 1960’s E. I. du Pont de Nemours and Company (DuPont) in the United States
began to examine polymers as optical waveguide materials and produced fiber under the
name “Crofon” 16, 17,18. Specifically polymethyl methacrylate (PMMA) was used as the
sheath and deuterated PMMA was used as the optical fiber core 19. At that time there was
a lack of specific commercial applications for polymer optical fibers. Additionally, the
DuPont fibers possessed high attenuation values compared to glass optical fibers and
were therefore not utilized to any significant extent 4.
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Figure 1.1: Trend of inventions in telecommunications from1850 to 1970 20
The significance of these early inventions and innovations was not immediately obvious.
An example of this is the fact that Kao did not receive the NoblePrize in Physics for his
contributions to optical waveguiding until 2009, when the original work was published in
1966. However, progress over the last 40 years in the area of optical waveguides has led
to an information revolution. The world has become a smaller place as the result of being
able to transmit large amount of data quickly from any point in the world to another. In
the advent of these innovations and inventions, the falls of governments, disasters and
disasters relief efforts, to family photos have been stream through these new lines of
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communications. It is true that the revolution has not been televised but it has being
guided by light.
Optical Waveguides
The ability of light to propagate through optical fibers is inherent to certain combinations
of material properties. The refraction of materials is characterized by the physical
property known as the refractive index (RI), denoted typically as ‘n’ where subscripts
denote different material (e.g., n1 = RI of material 1 and n2 = RI of material 2).
Refraction occurs when light changes speeds as it travels from one material into another.
Light can both be refracted and reflected whenever traveling between dissimilar
materials. The angle that the incoming light comes into contact with a material is known
as the angle of incidence (Θ1). For light incident from a material of higher index onto
one of lower index, the largest angle of incidence at which refraction can occur is referred
to as the critical angle (Θc). When Θ1 does not exceed Θc, the angle that forms normal to
the interface surface is the angle of refraction (Θ2). Total internal reflection occurs when
n1 is greater than n2 and Θ1 increases beyond Θc resulting in light being reflected back
into n1at the interface of the two dissimilar materials. Snell’s Law (Equation 1.1) states
the relationship between the materials and the incidence and refraction angle:
!!   sin Θ! = !! sin Θ!

(1.1)

Optical planar and fiber waveguides utilize light to transport information through a media
possessing a higher RI compared to a confining layer (or layers) of lower RI. Planar
optical waveguides are typically thin film composites where the media is layered between
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two lower RI layers. Such materials are used in integrated optical circuits that are
components in devices (e.g., splitters, couplers, multiplexers, demultiplexers, and
amplifiers). Optical fibers manage light propagation within dielectric materials of a coreclad configuration with the core material having a higher RI than the surrounding
cladding.
Optical-grade silica glass has been the media of choice for most optical applications due
to its high transparency within the visible and near infrared spectral regions. This is
especially useful for long distance data transmission. Glass continues to be the preferred
option for optical waveguides. The general drawbacks of inorganic glasses compared to
polymer are their sensitivity to vibration, fabrication complexity and cost of
manufacture 3. Polymers, with respect to many inorganic materials offer improved
production rates and ease of processability 8.
Polymer Optical Materials
Conventional polymer optical materials (POMs) typically are comprised of amorphous
polymers such as PMMA, polystyrene (PS), and polycarbonate (PC) 3, 4, 21. Most local
area networks (LANs), which occupy office buildings, automobiles, homes and home
appliances utilize polymer optical materials in planar waveguide and optical fiber form.
To date, polymers used for optical purposes are limited to short range applications
(distances less than 1 km) due to their high attenuation values (decrease in signal
intensity per distance) compared to glass 4, 21.
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Polymethyl Methacrylate
Although PS and PC have been used in communication and sensing applications, PMMA
is used for most optical applications due to its lower attenuation values than PS and PC.
PMMA is an amorphous thermoplastic polymer of the acrylic family. Methyl
methacrylate (MMA) is the monomer of PMMA (Figure 1.2) and the polymerization
process is credited to Fittig and Paul in 1877 22. Commercial polymerization process of
PMMA was not achieved until 1936 by Röhm and associates after which the polymer
was trademarked as Plexiglass® 23.

Figure 1.2: MMA, monomer for PMMA
The addition polymerization process that yields PMMA has three major kinetic steps –
initiation, propagation, and termination. The initiation step begins with heating monomer
(MMA) being heated in the presence of an initiator (e.g., benzoyl peroxide) which
decomposes to supply free radicals to the system. The polymerization steps are depicted
in Figure 1.3.
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Figure 1.3: Schematic of PMMA polymerization
PMMA Optical Material
Polymethyl methacrylate has been the most dominate optical polymer due to its optical
clarity (levels as high as 92% transmittance, not including Fresnel reflections), clarity
retention over time, low sensitivity to ultraviolet (UV) light, and low oxidation
sensitivity 24.
PMMA optical fibers compared to glass fibers can exhibit greater ductility, lighter
weight, and higher numerical aperture (total number of light paths within the core) at
larger diameters 4, 25, 26. As stated above, DuPont produced the first polymer optical fiber
with PMMA as core/clad materials. However, these fibers exhibited high attenuation
values at around 1000 dB/km at 650 nm 27. DuPont sold the PMMA optical materials
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patents to Mitsubishi Rayon in the mid 1970’s. Mitsubishi Rayon furthered the
development of PMMA optical fibers and by the late 1970’s to early 1980’s they had
fabricated fibers with attenuation values of approximately 300 dB/km at a wavelength of
650 nm 27. Glass fibers at that time had attenuation values as low as 20 dB/km at 1550
nm, thus in spite of some advantageous properties polymer fibers were still
uncompetitive for many applications 14.
Deuterated PMMA
From the 1970’s to the late 1980’s a number of investigators sought ways to reduce the
attenuation values in PMMA. One method used was to replace the hydrogen atoms in
PMMA with deuterium to form d-PMMA. A number of variants were employed
including PMMA-d5, where 5 hydrogen atoms replaced and PMMA-d8, where all 8
hydrogen atoms replaced. Both variants were successful in reducing attenuation.
Toshikuni Kaino’s work with PMMA-d5 and PMMA-d8 as well as that of Henry
Schleinitz with PMMA-d8 produced materials with attenuation values of 41 dB/km at
565 nm, 20 dB/km at 650 nm and 50 dB/km at 650 nm, respectively 28, 29. Unfortunately
some drawbacks of d-PMMA were materials costs and the susceptibility of d-PMMA to
humidity absorption which increases attenuation by the additional O-H groups in the
system 3. However, the major disadvantage of d-PMMA stemmed from the low
attenuation window (center point at 650 nm) which was not compatible with the datacom
operational band at 840 nm or any of the three operational telecom bands (S-band, 14601530 nm; C-band, 1530-1575 nm; and L-band 1575-1625 nm) 3. These telecom bands
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were established as a result of the low attenuation values/windows of silica that occur
between 1200 – 1350 nm and 1450 - 1600 nm 3, 30.
Signal Loss
Historically, the improvements of PMMA for optical applications have focused on
reducing attenuation. Attenuation is generally classified into two major categories:
intrinsic and extrinsic losses which are listed in Figure 1.4.

Figure 1.4: Categories of attenuation mechanisms that contribute to polymer optical
material properties
The composition of the polymeric molecular structure and Rayleigh scattering (scattering
due to small irregularities in the polymer where loss is proportional to λ-4) are the main
contributors to intrinsic losses which cannot be removed and represent the ultimate
transmission loss limits 13. Most polymers have very narrow low-attenuation windows
(600-700 nm) 3. The energy absorption is dependent on the wavelength of light
corresponding to the atomic vibrations of the material through displacement of the
electric dipole. Local changes to the electric dipole promote vibration level transitions
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due to the oscillating electromagnetic fields in the normal position relative to the
molecule. Absorption occurs when the energy entering the system is equivalent to the
electronic or vibrational energies.
The majority of the intrinsic losses in polymers are a result of absorptions due to
molecular bonds (e.g., carbon to hydrogen, C-H, oxygen to hydrogen, O-H, nitrogen to
hydrogen, N-H, and carbon to oxygen, C=O) 4. The consequence of these molecular
absorptions is high vibrational energies. The higher harmonics of the vibrational energies
(e.g., vibration of the C-H bond) causes high attenuation in visible and near-infrared
region of PMMA 26.
Another cause of attenuation can occur as a result of high vibrational energies associated
with O-H bonds which are a direct result of the monomers chosen or absorption of water
in the material.
Extrinsic losses are not related to intrinsic properties of the polymer but occur as a
function of processing. Contaminants (e.g., excess monomer, additives, dopants, dust,
etc.) as well as structural defects such as microfissures within the polymer matrix can
affect extrinsic loss. Mie scattering is classified as the scattering of light caused by
suspended particles that are equal or larger in size to the wavelength of light being
introduced to the material. In the event of Mie scattering, the suspended particles not
only scatter light but they may have the ability to absorb light leading to increased
attenuation.
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Direction of Polymer Optical Materials Research
As mentioned previously the relatively high attenuation of polymers, compared to
inorganic glasses (e.g., silica optical fiber), limits their use to distances of less than
1 km 4. However, polymer devices (e.g., splitters, couplers, multiplexers, demultiplexers,
and amplifiers) have been used in integrated lightwave circuits wherein polymer optical
fibers and planar waveguides are combined for specific functionalities 31. Recent
directions in the development of POMs can be divided into two parts: 1) reducing
attenuation by developing novel polymers and 2) overcoming attenuation via enhanced
light-emitting polymer nanocomposite fabrication 3, 4, 31. Advances in these areas have
resulted in POMs that have shown excellent optical, chemical, and mechanical
characteristics. These improved materials are in some cases suitable for data and
telecommunication in short range applications (less than 1 km) 21. POM applications
range from LANs, planar integrated optics (planar lightwave circuits), and sensing
components for devices used for medical, manufacturing, and security applications 3, 4, 8,
32, 33

. Modern polymer optical materials use light weight components that are easier to

install and make point to point connections 4, 26.
Novel Polymers
The substitution of hydrogen with heavier atoms was not abandoned as an option to
reduce attenuation after the limited success of d-PMMA. As stated above, the use of
deuterium had limited use due to the cost of materials and water absorption. The
principle for hydrogen replacement is based on the energy of vibration being inversely
related to mass (Equation 1.2). By replacing hydrogen atoms with heavier ions such as
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deuterium or halogens (e.g. fluorine or chlorine), the energy of the molecular bonds’
vibrations is reduced and the associated wavelength of said absorption is shifted to longer
wavelengths 4. This subsequently renders vibrational overtones (absorption) in the
visible negligible for these deuterated or halogenated hydrocarbon based polymers 4, 34.
!=ℎ

!
!

, where  ! = 2!"

!
!

(1.2)

E = energy
h = Planck’s constant (6.6 x 10-34 J·s)
c = speed of light in vacuum (3.0 x 108 m/s)
λ = wavelength
µ = reduced mass (product of the two element masses divided by the sum of the two
element masses)
k = strength constant (bond strength)
Partially Fluorinated Polymers
Perfluorinated polymers are a class of optical polymers that have been developed based
on the replacement of hydrogen with fluorine. Two notable perfluorinated polymers are
those of Asahi Glass (CYTOP®, perfluorovinyl ether cyclopolymer) and of DuPont
(Telfon® AF, tetrafluoroethylene and perfluorovinyl ether copolymer), both are optically
transparent at telecom and datacom wavelengths and can exhibit attenuation values < 20
dB/km 3. However, there have been limits to the utilization of these polymers as optical
waveguides due to the lack of thermal and thermomechanical stability required for planar
waveguide commercial processes above 250°C 3. Both polymers possess low refractive
indices and exhibit high hydrophobicity which leads to difficulty in using established
planar lightwave circuit fabrication methods 3, 4, 35.
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Perfluorocyclobutyl Aryl Ethers Polymers
A class of partially-fluorinated polymers that exhibit low attenuation in the visible light
region and possess extended transparency past the telecommunication wavelengths of
1310 and 1550 nm are perfluorocyclobutyl aryl ethers (PFCB) 36. These partiallyfluorinated polymers were introduced by Dow Chemical in the early 1990’s 37, 38 and
further developments within this family of polymers have been performed by Clemson
University and Tetramer Technologies since 2003 36.
The thermally activated polymerization of PFCB monomers (e. g. aryl trifluorovinyl
ether) is conducted without a catalyst or initiator. Polymerization proceeds via a free
radical-meditated [2 + 2] cyclodimerization and does not produce condensation products
during polymerization 39-41. The general process is represented in Figure 1.5. The
combination of the thermally stable moieties in the backbone along with PFCB head-tohead ring structures produce polymers that are consider to be excellent for use as media
for optical waveguides 39, 42.

Figure 1.5: Polymerization process of PFCB polymer by thermal activation (Δ) of
trifluorovinyl aryl (Ar) ethers
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A wide range of copolymers can be prepared by substituting in various aryl (Ar) groups.
The two PFCB polymers chosen for this research were biphenyl ether derivative (BPVE)
and hexafluoroisopropylidene ether derivative (6F) and they are illustrated in Figure 1.6.

a.

b.
Figure 1.6: Chemical structure of BPVE (a.) and 6F (b.)
PFCBs have been reported to exhibit low birefringence, useful solution processability,
and tailorable optical, thermal and mechanical properties which would make them well
suited for optical fibers, planar lightwave circuits, and optical amplifiers 35, 43. However,
little information is available regarding thermal and rheological behavior of PFCBs
(especially BPVE and 6F) during melt extrusion 36.
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Rational for Doped Optical Polymers
Parallel to the development of novel polymers has been the development of various
additives that change the optical properties of materials. Luminescent species that have
the capability of fluorescing and being active additives (dopants) to overcome attenuation
are organic dyes, quantum dots and rare-earth (RE) ions doped in inorganic
nanocrystals 44-47. The reason for using dopants is directly related to the interaction
between the light traveling through the material and the optical active species. Upon
interaction with light, the dopant is excited to a higher electronic energy level. Upon
relaxation to the ground state, the reactive species produces radiative (photon) and nonradiative emissions (phonon). The preferred emissions to overcome attenuation are
photons which can lead to a regenerated stronger signal compared to the attenuated
incident signal 48.
Optical Dyes and Quantum Dots
Organic dyes are an economical choice when used in applications such as dyeing fabrics
and optical marking. However, they typically have poor thermal stability, inherent broad
color emission spectra and short lifetimes which limits their use as dopants 46. Quantum
dots have been successful as fluorescent additives but these also have certain drawbacks
such as optical blinking, chemical instability, and inherent toxicity 45. Organic dyes and
quantum dots are beyond the scope of this work but for further discussion, literature is
available for review 44, 49-52.
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Rare-earth Ions
Rare-earth (RE) ions have been utilized as active additives to overcome attenuation in
various inorganic glasses and crystals. Rare-earths refer to 30 elements in the periodic
table that are divided into two groups: lanthanides (atomic numbers 57 – 71) and
actinides (atomic numbers 89 -103). The filling of the 4f shell and 5f shell distinguishes
the lanthanides and actinides, respectively from the other elements in the periodic table.
Most actinides are not chemically stable as is required for use in lasers and amplifiers
whereas the lanthanides are stable enough to be utilized in such devices 53.
Lanthanide ions (referred to as rare-earth ions in this research) are derived from elements
in the lanthanide series that include lanthanum to lutetium. These elements have an
electronic configuration that resembles the structure of xenon with additional 4f electrons
(1-14). Most of these elements possess a filled 4f shell with 5d and 6s electrons present
in the valence shell of the atom. The optically-active 4f-orbital electrons of the trivalent
lanthanides are located closer to the nucleus than the 5s and 5p electrons. Upon
ionization, the 6s and 5d electrons are removed to produce trivalent ions which are the
most stable 53. The 5s and 5p electrons form a shield/barrier from the environment which
protects the 4f electrons from chemical reactions. This shielding effect may result in a
small magnitude split which introduces narrow emission lines as well as the host material
having a small effect on the emission wavelength 54.
The rare-earth elements scandium (Sc3+), yttrium (Y3+), and lanthanum (La3+) rare-earths
do not posses 4f electrons; therefore, they do not produce emissions. Selected lanthanide
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ions that produce emissions in the visible region when exited by UV light are terbium
(Tb3+), dysprosium (Dy3+), europium (Eu3+) and samarium (Sm3+) with the most intense
emissions occurring at approximately 543 (green), 573 (yellow), 613 (orange) and 643
(red) nm, respectively 55, 56. The emission wavelengths coincide with the low attenuation
windows of some polymers making them potentially useful as additives to overcome
polymer attenuation 3, 57. While RE ions have been effectively utilized to overcome
attenuation in silica, analogs in polymers have had limited success to-date 58.
A visual representation of the transitions within the 4f shell of the energy levels for the
four RE ions that emit in the visible portion of the electromagnetic spectrum is illustrated
in Figure 1.7. The lowest (terminal) energy state for the visible emission) may not
represent the ground state and the energies of absorption and emission can be
approximated by the differences between the energy states.
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Figure 1.7: Energy level diagram of the visible emitting trivalent lanthanide ions
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Due to RE ions possessing partially-filled and electrostatically-shielded 4f electronic
levels, the direct energy absorption of RE ions tends to be weak due to the lack of
electron-phonon coupled absorption bands 59, 60. Also, these ions produce narrow
spectral bands with low emission efficiency and exhibit long excited-state lifetimes, in
the range of milliseconds 59-62. The electronic transitions that occur between the 4f – 4f
levels where the ground and excited states possess the same fn electronic configuration
are parity (Laporte) forbidden 61. Laporte parity rules forbid transitions that only involve
the redistribution of electrons within a subshell.
These radiative properties (narrow emission bands and long emission lifetimes) of rareearth ions unfortunately tend to be quenched (multiphonon	
  relaxation)	
  by the inherently
high vibrational energies of polymers 63. Additionally, including RE ion salts into
polymers can be problematic due to the tendency of salt agglomeration. Agglomerates
produce a high point of concentration for the RE ions resulting in luminescent
concentration quenching and enhanced light scattering at low dopant levels 58.
Nanoparticles
The incorporation of RE ions into materials for fluorescent applications is of major
interest, especially when controlled at the nanoscale (1 nm = 10-9 m) 45, 64.
Nanotechnology has been exploited since the time of the ancient Romans over 2000 years
ago where gold nanoparticles were employed to make ruby glass (vide infra) 47, 65. But,
nanoscience and nanotechnology in its current form was defined by the presentation
given by Richard Feynman, “There’s Plenty of Room at the Bottom: An Invitation to
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Enter into a New Field of Physics,” in 1959 65, 66. From that point forward, physicists
have predicted that nanoparticles would display physical and optical properties that the
bulk material could not 67.
RE-doped Nanocrystals
Nanosize inorganic materials doped with RE ions typically are incompatible with organic
polymers due to strong absorptions in the 1600-1700 nm region. These polymer
absorptions significantly contribute to attenuation of the optical spectrum 68. In order to
overcome attenuation, one approach attempted is to create RE ion complexes with
various side groups of the polymer chain during polymerization 69. The results indicated
that the emissions were quenched due to the formation of RE ion agglomerates within the
polymer. Another technique, incorporated optically active RE ions into low vibrational
energy inorganic nanocrystals such as LaF3 70, 71. The inorganic nanocrystals within a
core-shell structure provided protection from the high vibrational energy observed in
PMMA.
In order to produce these nanomaterials, different synthesis methods have been used (e.g.,
reverse-micelle synthesis, sol-gel chemistry, solvothermal/hydrothermal method and
aqueous-colloidal suspension) 72-76. The sol-gel method and the reverse-micelle synthesis
requires post treatment at high temperatures where the reverse micelle synthesis involves
the use of significant amounts of surfactants to produce limited amounts of
nanoparticles 75, 77. Solvothermal/hydrothermal techniques require an autoclave at
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elevated temperatures and pressures which may increase aggregation and both processes
are not suitable in producing nanocrystals with narrow size distributions 77.
An aqueous-colloidal system allows for the use of a simple and highly reproducible
approach to produce nanocrystals. The main advantage of using this method is the
possibility of controlling the shape of the particles 78.
Lanthanum Fluoride
It has been reported that adding certain non-fluorescing lanthanide ions such as Sc3+, Y3+,
and La3+ as part of the synthesis of light emitting nanoparticles can significantly enhance
the photoluminescence of RE ion chelates 79, 80. Jinghe, et al., created Eu3+ ion-ligand
complexes with dibenzoylmethane and diethylamine as coordinating ligands in the
present of La3+, Lu3+ (lutetium), Tb3+, Y3+ and Gd3+ (gadolinium) in ammonia/acetone
suspension to study the fluorescence of the system 81. Their results indicated that an
increase in fluorescence intensity was observed when La3+ was added to the
Eu3+:dibenzoylmethane system without the presence of diethylamine ligand.
The creation of RE-doped lanthanum trifluoride (LaF3) nanocrystals also has been shown
to enhance the fluorescence of RE ions 45, 70, 82-84. LaF3 is considered an excellent host
material for fluorescent RE ions due to its sufficient thermal and environmental stability
and low phonon/vibrational energies (300 – 400cm-1) 45, 85. These properties minimize
the quenching of the excited states of the rare-earth ions 45, 85, 86. LaF3 also exhibits a
high solubility for RE ions dopants of the same valence within the crystal 87.
Additionally, these nanocrystals tend to offer channels for energy transfer from near
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ligands which may minimize the quenching potential of the RE ion emissions 68, 72, 73, 82,
88, 89

.

Terbium
Terbium is one example of a RE ion that has been incorporated into LaF3 to create the
doped nanocrystals (Tb3+:LaF3). Tb3+ exhibits absorption at wavelengths in the UV
where the excitation spectrum (emission wavelength ≈ 540 nm) of Tb3+:LaF3
demonstrates the presence of peaks that are representative of 7F6→5D3, 7F6→5GJ and
7

F6→5L6 ground state absorptions of theTb3+ ion 45. The characteristic Tb3+ emission

peaks that occur within the visible region occur at 490, 543, 585, and 621 nm resulting
from the 5D4→7F6, 5D4→7F5, 5D4→7F4, and 5D4→7F3 transitions, respectively. The most
intense emission band of Tb3+ from direct excitation at 350 nm is at about 543 nm which
emits green colored light as a result of a strong electronic transition, 5D4 → 7F5, that is
easily distinguished visually.
Organic Ligand Nanoparticle System
Ligands are organic molecules that have the ability to create ion complexes or attach to
the surface of nanocrystals. Aromatic acids, bipyridines or donor groups containing
negatively charged atoms (e.g., carboxylate or phosphate groups) are examples of ligands
utilized to attach to the surface via ionic attraction 83, 90.
Bender, et al., created polyester macroligands (poly ϵ-caprolactone and poly DL-lactide
star block copolymers with ligands attached to the side chains) that contained complexed
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Eu3+ at the center 91. Shunmugam and Tew produced polyethylene glycol substituted
terpyridine that coordinated Tb3+ and Eu3+ 91-93.
Another approach has been to surface treat or “cap” nanoparticles with UV light
harvesting ligands that enhance fluorescence of RE emissions by absorbing and
transferring energy to the dopant RE ions 31, 34, 72, 83, 89, 94.
Aromatic acids have been used as ligands to coordinate RE ions in order to increase the
probability of radiative emissions 94-96. These ligands have also shown the capability to
provide effective pathways for energy transfer to RE ions as a result of their conjugated
molecular structure 97. Both acetylsalicylic acid (ASA) and 2-picolinic acid (PA) are
aromatic acids and form bidentate ligands. When the carboxcylic acid group of ASA
deprotonates the carboxyl group which forms an anion with the ability to attract cations
such as RE ions 98. Represented in Figure 1.8 are the structures of ASA: (a.) molecule
and (b.) anion where the hydrogen of carboxyl group was ionized. The chelated structure
shown in Figure 1.8c would form around a cation where the oxygen of the carboxyl
group attaches to the cation. Depicted in Figure 1.9 (a.) is the PA molecule and (b.) the
anion where the hydrogen of carboxyl group was ionized. PA chelates cations through
the nitrogen atom of the pyridine ring and the oxygen anion of deprotonated carboxyl
group as illustrated in Figure 1.9c 99.
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Figure 1.8: ASA molecule (a.), ASA anion (b.) and ASA chelation of cation (c.)

Figure 1.9: PA molecule (a.), PA anion (b.) and PA chelation of cation (c.)
Electrical Double Layer Theory
When the synthesis of nanoparticles is performed in aqueous suspensions, the colloidal
dispersion generally is unstable since surface interactions can be significant. Helmholtz
first introduced and termed the idea of the electrical double layer which was later
extended by Gouy-Chapman and Stern 100-104. The Stern layer is the first stratum that
consists of a dense layer of ions of the opposite charge (counter ions) that form around
the nanoparticle. The second layer is the diffuse layer which is the charged atmosphere
of ions of the opposite charge to the nanoparticle that extends away from the Stern layer.
The high concentration of counter ions within the diffuse layer gradually decreases with
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increasing distance from the nanoparticle until equilibrium is reached with the ion
concentration in the bulk of the solvent 105. A representation of the electrical double layer
is shown in Figure 1.10.

Figure 1.10: Distribution of ions within the electrical double layer
The width of the electrical double layer is characterized by the thickness of the diffuse
layer or Debye screening thickness, which is represented by κ-1 (Equation 1.3). The
relative thickness of the diffuse layer coincides with the ability of the nanoparticle to
repel or attract other nanoparticles in which case agglomerates will from. Agglomerates
form as the electrical double layer is condensed by nanoparticles attempting to reduce
their surface area to minimize interfacial energy 106. The scattering of light will occur as
agglomerate sizes increase; consequentially diminishing the transparency of the polymer
nanocomposite. In addition agglomerates may influence the ability of the RE ion to

28

	
  

absorb and emit efficiently due to concentration quenching. Therefore, it is important
that the additives do not agglomerate in the polymer due to the reasons noted above.
! !! =

!!   !!   !!   !
!  !!   ! !   !

(1.3)

κ-1 = Debye screening thickness
I = ionic strength of the electrolyte (mol/m3)
εr = dielectric constant of solvent
T = absolute temperature (Kelvin)
Constants:
ε0 = permittivity of free space (8.85 × 10−12 C2/Jm)
kB = Boltzmann constant (1.38 × 10−23 J/K)
NA = Avogadro number (6.02 × 1023 mol-1)
e = elementary charge (1.60 × 10−19 C)
The major contributors to the thickness of the diffuse layer are ionic strength of the
electrolyte (I), absolute temperature in Kelvin (T) and dielectric constant of the solvent
(εr). The ionic strength is inversely proportional to κ-1. Therefore, as ionic strength
decreases the predicted double layer thickness should increase which may result in less
agglomeration and less scattering. The Debye screening thickness is directly related to
the dielectric constant and temperature. Temperature and the dielectric constant of the
solvent are inversely related to each other, thus changes in temperature may lead to only a
slight change in the Debye screening thickness.
Energy Transfer from the Ligand to RE-doped Nanocrystal
Energy transfer from the ligand to the RE-doped nanocrystal begins with the excitation of
the ligand. The ligand to RE ion energy transfer is considered to be a Dexter energy
transfer process 107 which occurs when two species are bound together and exchange
electrons. Within this energy transfer process as the distance between the two species
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increases, the reaction rate constant decays quickly 108. The energy transfer theory is also
referred to as the “antenna” theory where three factors that affect luminescence 109. The
first factor is absorptivity of the ligand. The second factor is the energy transition
efficiency from ligand to rare-earth ion. The third factor is the emission efficiency of the
rare-earth ion during energy transfer and emission in photon absorption. Figure 1.11
displays an illustration of the energy transfer where the surface bound ligand absorbs the
incident energy and transfers the energy to the RE ion within the inorganic crystal.

Figure 1.11: Illustration of surface bound ligand absorption of incident energy and
energy transfer to RE ion within inorganic crystal
Organic conjugated ligands typically absorb energy in the near ultraviolet (UV) spectral
region ranging from 200 nm to about 400 nm 110. Usually, singlet spin states of the
ligand are excited followed by intersystem crossing from the singlet state to the lowest
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triplet state within the ligand through thermal relaxation accompanied by the generation
of heat 94, 110. The close proximity (< 1 nm) of the ion to the ligand disrupts the singlet
state excitation of the ligand (π-π* transition) facilitating population of the excited triplet
state of the ligand by intersystem crossing 61. The occurrence of intersystem crossing is
in competition with phonon deactivation of the excited singlet state and, potential
fluorescence from the ligand 58. Energy transfer may occur from the triplet state of the
ligand to the RE ion provided the energy of the triplet state is approximately equivalent to
that energy level of the dopant. Light emission from the RE ion results from the
transition between 4f states. The energy transfer process is depicted in Figure 1.12.

Figure 1.12: Depiction of ligand to RE ion energy transfer
Polymer Processing - Fiber Extrusion Modeling
Comparisons to existing materials, material testing, and small scale processing trials are
part of the development process to evaluate and optimize process settings for new
materials. These steps may present challenges that incur costly and time-consuming
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activities. Empirical characterizations, in the case of polymers, have been developed to
predict properties of new polymers based on the molecular structure. Also, fiber
processing simulation models based on industrial and academic collaborations have been
developed to serve as an integral step in new product evaluations. These effort have
been put forth to gain an understanding of polymer behavior with the desired result of
reducing development time and cost.
FiSim (Fiber/Film Simulation) model is a software package that runs mathematical
analyses of the extrusion process. The model output is a viable limited range of process
conditions for which fibers could be melt spun which aids in finalizing initial extruder
profiles for novel polymers 111. This fiber extrusion model is based on a 1D flowenhanced crystallization model and algorithm. The model assumes that the flow is
steady-state and that the polymer density is constant.
The model simulates fiber melt spinning from the point of maximum die swell to the feed
roll by assuming the thin-filament approximation 112. In the model the continuity,
momentum and energy equations are averaged over the cross-sectional area of the
filament. The model can simulate the radius, velocity, and temperature profile of
polymer leaving the spinneret with prediction of possible polymer molecular structure
development.
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Specific Objectives
The focus of this research is to develop and produce polymer optical material by
fabricating PMMA nanocomposites and evaluating the intrinsic properties of two PFCB
polymers (BPVE and 6F) and PMMA nanocomposites.
The specific objectives of this research are to:
1. Fabricate light emitting polymer nanocomposites via aqueous-colloidal
suspension/precipitation chemistry.
2. Interpret the influence of synthesis parameters on particle size and
photoluminescence characteristics of ligand capped Tb3+:LaF3.
3. Analyze thermal and rheological behavior of BPVE, 6F and light emitting
polymer nanocomposites for the prediction of melt fiber extrusion
parameters through simulation software.
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CHAPTER TWO
EXPERIMENTAL
Materials
Table 2.1 Polymers utilized
Chemical / Material
Supplier
Polymethyl methacrylate Plaskolite
(PMMA)
West, Inc.
Perfluorocyclobutyl aryl
ethers (PFCBs)
Biphenyl ether derivative
(BPVE)

Location
Compton, CA

Description
Mw ≈ 130k
Molecular Formula:
(C5H8O2)n

Tetramer
Technologies
Tetramer
Technologies

Pendleton, SC
Pendleton, SC

Mw ≈ 13k
Molecular Formula:
(C16H8O2F6)n

Hexafluoroisopropylidene Tetramer
ether derivative (6F)
Technologies

Pendleton, SC

Mw ≈ 13k
Molecular Formula:
(C19H8O2F12)n

Location
Solon, OH

Description
F.W. = 180.16
Molecular Formula:
C9H8O4

Table 2.2 Ligands investigated
Chemical / Material
Supplier
Acetylsalicylic acid
MP
(ASA)
Biomedicals,
LLC
2-Picolinic acid (PA)
(99%)

Alfa Aesar

Ward Hill, MA F.W. = 123.11
Molecular Formula:
C6H5NO2
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Table 2.3 List of materials
Chemical / Material
Supplier
Ultrapure water (water) Millipore RiOs and
(18.2 MΩ·cm)
Elix water
purification system,
Millipore
Corporation
Anhydrous
Acros
tetrahydrofuran(THF)
(99%)

Location
Burlington,
MA

Description
Formula Weight
(F. W.) = 18.02
Molecular Formula:
H2 O

Morris Plains,
NJ

F.W. = 72.11
Molecular Formula:
C4H8O

Methanol(MeOH)
(99.8%)

BDH

West Chester,
PA

F.W. = 32.04
Molecular Formula:
CH3OH

Ethanol( EtOH)
(99.5%)

Acros

Morris Plains,
NJ

F.W. = 32.04
Molecular Formula:
C2H5OH

Lanthanum (III) nitrate
hexahydrate (99.99%)

Sigma-Aldrich

St. Louis, MO

F.W. = 433.03
Molecular Formula:
La(NO3)3·6H2O

Terbium (III) nitrate
hydrate (99.9%)

Sigma-Aldrich

St. Louis, MO

F.W. = 453.04
Molecular Formula:
Tb(NO3)3·6H2O

Ammonium fluoride
(99.3%)

Fisher Scientific

Fair Lawn, NJ

F.W. = 37.04
Molecular Formula:
NH4F

Ammonium hydroxide
(28-30% ACS)

BDH Aristar-VWR

West Chester,
PA

F.W. = 35.05
Molecular Formula:
NH4OH

Nanoparticle Synthesis
Tb3+:LaF3 naocrystals were prepared in aqueous solutions with either water or methanol
as the solvent and the nanoparticle syntheses are depicted in Figures 2.1a and 2.1b
respectively. The rare-earth solution of La(NO3)3·6H2O (9 mmol) and Tb(NO3)3·6H2O
(2 mmol) in 16 mL of solvent was prepared at room temperature. NH4OH was added to
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the rare-earth solution to adjust the pH to a value of 8 for the water synthesis. The pH of
the methanol solution was not adjusted.
a.

b.

Figure 2.1: (a.) Nanoparticle synthesis in water (b.) Nanoparticle synthesis in methanol
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Synthetic Route 1 - Water Solvent Synthesis
The rare-earth solution was added drop-wise into a stirred solution of NH4F (11 mmol)
and 20 mmol of the ligand (ASA or PA) in water at 70°C. The volume ratio of
water/ligand was 40:1. NH4OH was added to re-adjust the suspension to a pH value of 8
it was then stirred for 2 hours at 70°C. A centrifuge was used to separate the precipitate
at 3000 rpm for 10 minutes. The nanoparticles (precipitate) were washed with 50 vol %
of EtOH in water followed by an acetone wash then dried over night in a vacuum oven.
The particles were then added to 5 wt % of PMMA in THF (PMMA/THF) to form a
polymer nanoparticle suspension, ligand:Tb3+:LaF3:PMMA/THF, that was added drop
wise to excess (v/v of suspension to MeOH; 1:400) stirred MeOH at ~ 3°C. The
precipitated nanocomposite polymer powder was vacuum filtered, washed in MeOH and
then dried over night in a vacuum oven.
Synthetic Route 2 - Methanol Solvent Synthesis
The rare-earth solution (prepared in manner stated in section 2.2) was added drop-wise
into a stirred solution of NH4F (12 mmol) and 23 mmol of the desired ligand (ASA or
PA) in methanol at room temperature ~25°C and was stirred for 1 hour. The volume
ratio of methanol/ligand was 40:1. pH was monitored and in the case where ≤ 5% water
was present in the suspension, the relative pH is stated for the solution values. A
centrifuge was used to separate the precipitate at a setting of 3000 rpm for 10 minutes.
The particles were washed twice with methanol. Neat MeOH (v/v of PMMA/THF to
MeOH; 1:400) was added to re-suspend the particles and the temperature of the
nanoparticle suspension in excess MeOH was decreased to approximately 3°C. After 30
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minutes, a solution of 5 wgt % of PMMA/THF was added drop wise to the
ligand:Tb3+:LaF3:MeOH suspension. The product was precipitate nanocomposite
polymer powder. The precipitate nanocomposite polymer powder was vacuum filtered,
washed in MeOH and then dried under vacuum over night.
Characterization
Differential Scanning Calorimetry
Glass transition temperature (Tg) was determined by a Universal TA Instruments – 2920
MDSC V2.6A differential scanning calorimeter. All samples weighed 5 - 10 mg and
were prepared in hermetic sample pans. The instrument and sample were equilibrated to
25°C. The temperature ramp rate was set at 20°C/min to a maximum of 300°C. The
samples were removed, quenched with liquid nitrogen and then rerun under the same
heating regimen. The thermograms were analyzed using TA Instruments Universal
Analysis 2000 version 4.4a software. The glass transition inflection point was used to
determine the Tg and the average of two sample runs is stated as the Tg for each sample.
TA Instruments Q1000 differential scanning calorimeter was used to determine the
reversing heat capacity (Cp) of polymer samples. Sapphire standard was used to calibrate
the system for measurements. All samples weighed 3 - 5 mg and were placed in standard
aluminum sample pans where the total weight of the specimen (polymer sample and
pans) was ~ 25 mg. All pans and lids used for the measurements were within 0.100 mg
of each other. The samples were analyzed using the following method:
1. Sampling interval: 1 sec/pt
2. Zero heat flow: 215°C
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3.
4.
5.
6.

Equilibrate: 180°C
Modulate: ± 0.80°C every 100 seconds
Isothermal: 5 minutes
Ramp rate: 2°C/min to 250°C.

Duplicate measurements were made and the average value of the reversing heat capacity
signal was determined at 220°C for each sample
Thermogravimetric Analysis
A Universal TA Instruments – TGA Q5000 V3.5 Build 252 thermogravimetric analysis
instrument along with TA Instruments Universal Analysis 2000 version 4.4a software
were used to determine percent nanocrystal loading in the PMMA nanocomposites
(percent of material remaining at 495°C) at the temperature ramp rate of 10°C/min from
25°C to 500°C. Measurements of weight loss percentage at 250°C were conducted for
PMMA nanocomposites and for the PFCBs under different thermal regimes. All samples
weights were between 5 - 10 mg and measurements were conducted under nitrogen
unless otherwise noted.
PFCB Mass Loss Evaluation
The temperature range for evaluation was 25°C to 1200°C. The temperature was ramped
at a rate of 10°C/min to 200°C then allowed to cool to room temperature. The
temperature was then ramped at a rate of 10°C/min to 1200°C. The percent of material
loss of the second pass at 200°C was used to evaluate the mass/material loss of the
polymer.
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PFCB Start Up Mass Loss Evaluation
The PFCB samples were tested in both air and nitrogen environments. The temperature
was first ramped at a rate of 10°C/min to 140°C and then rerun under identical conditions
five times. The percent mass loss of the material for each run was utilized to determine if
the polymer was degrading during the temperature regime.
Thermogravimetric Mass Spectrometer
A NETZSCH STA 409 C/CD thermogravimetric mass spectrometer with NETZSCH
Proteus Thermal Analysis version 4.8.5 software was utilized to determine the
composition of the material lost during the thermal characterization. The BPVE and 6F
samples were pretreated by placing them in a vacuum chamber and purging the chamber
with nitrogen. The samples were then left under pressure for 72 hours before being
transferred and placed in the TGA-MS for evaluation under nitrogen at a temperature
ramp rate of 10°C/min to 1200°C.
Attenuated Total Reflection (ATR) Infrared Spectroscopy
Dried precipitated polymer and precipitated polymer nanocomposite samples were
analyzed by ATR. The spectra were acquired on a Theromo-Fisher Nicolet Magna 550
FTIR spectrometer equipped with a Thermo-SpectraTech Foundation Series Diamond
ATR accessory, Nic-Plan microscope and Omnic software. The spectral resolution was
set at 8 cm-1 and 16 scans were conducted at room temperature.
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Dynamic Light Scattering
The hydrodynamic diameter is the dimension that is determined by DLS through
measuring the velocity of Brownian motion (translational diffusion coefficient, D). D is
used to determine the diffusivity of the particle within the solvent which is represented by
the Stokes-Einstein equation illustrated in equation 2.1. A detector measures the rate at
which the intensity of the scattered light varies when energy (light) is introduced to a
sample. The intensity variations occur more rapidly as a result of light bombarding small
particles than larger ones. Suspended particles are in constant Brownian motion that
results in the intensity of scattered light to vary as a function of time. A correlation
function is therefore used to determine the polydispersity of the particles within the
suspension.
!   !
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(2.1)

d(H) = hydrodyanamic diameter
kB = Boltzmann’s constant
T = absolute temperature
η = viscosity
D = translational diffusion coefficient
Zetasizer Nano Series Nano ZS - Dynamic Light Scattering (DLS) module from Malvern
(Worcestershire, UK) was utilized to measure the size and size distribution of particles at
room temperature. Nanoparticles fabricated in water were ball milled using Teflon®
spheres into a fine powder before resuspension in water. The liquid suspension of
nanoparticles in methanol and PMMA nanocomposites suspended in THF were also
measured. The average of three samples was used to determine the size distributions.
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Zeta Potential
Zeta Plus-Zeta Potential Analyzer from Brookhaven (Holtsville, NY) was used to
determine the surface charge of nanoparticles. A stock solution was prepared by
dissolving 0.037 g of potassium chloride (KCl) into 500 mL of ultrapure water to create a
sample concentration of 1mM. During the zeta potential evaluation 200 mL of constantly
stirred stock solution was used. The pH was adjusted with hydrochloric acid (4.0 M) to a
pH of 3 to this 24 mL of nanoparticles suspended in methanol at pH 3 was added. A
solution of sodium hydroxide at 0.1 M concentration was used to adjust the 200 mL stock
solution containing 24 mL of nanoparticle suspension pH values to 4 to 8.
Rheological Characterization
Rheology measurements were performed using a TA Instruments – ARES LS/M
0012701 Rheometer equipped with the TA Orchestrator version 7.1.2.3 software
package. Dynamic frequency sweep tests were performed under nitrogen in the frequency
range of 0.1 to 500 rad/s at temperatures of 200 to 250°C. Cone and plate geometry was
such that the plates had a diameter of 25 mm with a cone angle of 0.1 rad. The distance
between the plates during the measurements was set at 0.056 mm and the strain was
maintained at 5%.
Ultraviolet-Visible Spectroscopy
Optical absorption was performed using a Perkin Elmer Lambda 900 UV-Vis-NIR
Spectrometer (Waltham, MA) equipped with UV Winlab Version 3.00.03 software. A
1 mm slit in the UV and visible range of 260 – 380 nm was used to perform the scans.
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Samples were prepared by dispersing the ligand into the solvent (water or methanol). All
measurements were taken at room temperature.
Photoluminescence Spectroscopy
A Jobin–Yvon Fluorolog Tau 3 Fluorometer (Edison, NJ) with 4 nm emission bandpass
was used for photoluminescence measurements. 1 nm intervals with 50 ms integration
time were used to collect the data. Measurements were performed at room temperature.
Lorentzian curve fits correcting for a constant background in Igor Pro 6.1(Wavemetrics,
Portland, OR) were superimposed on excitation spectra for full-width at half maximum
(FWHM) measurements.
Microscopy
Electron micrographs were obtained using a scanning transmission electron microscope
(STEM, Hitachi HD2000, Pleasanton, CA) and a transmission electron microscope
(TEM, Hitachi H7600T, Pleasanton, CA). Samples were prepared by drop casting
nanoparticle suspensions followed by subsequent solvent evaporation onto 200 mesh
carbon coated copper TEM grids.
Energy-dispersive X-ray Spectroscopy
The compositions of the nanoparticles were characterized utilizing a STEM equipped
with an Oxford INCA Energy 200 Energy Dispersive Spectrometer (EDS).
Fiber Simulation
FiSim is able to simulate the fiber property profiles (diameter, speed, temperature,
crystallinity as a function of spin-line distance) which occur as a function of processing
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and material parameters. The model incorporated the use of the shooting method in
which initial conditions were specified for all but one of the dependent variables (in this
case the zz-component of the conformation tensor, czz). The internal microstructure of
polymer molecules is described by the conformation tensor in a continuum level and is
usually used as the primary variable in viscoelastic flow calculations 113. The initial
value of that variable is determined iteratively so that a specified value of the feed-roll
velocity is achieved resulting in the potential parameters for fiber melt extrusion.
The input data for the model is as follows: density, surface tension, melt shear modulus,
glass transition temperature, heat capacity, extrusion temperature, mass flowrate, quench
temperature, take-up length, take-up velocity and capillary diameter (fiber diameter).
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CHAPTER THREE
RESULTS AND DISCUSSION:
SYNTHESIS AND CHARACTERIZATION OF NANOPARTICLES AND
POLYMER NANOCOMPOSITES
Inorganic nanoparticles doped with optically active rare-earth ions were synthesized in
the presents of organic aromatic ligands. Two nanocomposite synthetic routes were
evaluated as outlined in Chapter 2. The first synthesis method (Route 1) was an
adaptation of the work of Ellerbrock 114 where nanoparticles were synthesized in water.
They then were dried, ball milled and dispersed in polymer/solvent solutions which were
subsequently phase inverted in methanol to form polymer nanocomposites. The work of
Widiyandari, et al., supported the potential use of mechanical milling as a way to reduce
agglomerates formed in nanoparticle suspensions of electrohydrodynamic
atomization 115. In this research, the dried particles and dried polymer nanocomposites
were ball milled with Telfon® spheres in a container that was vortex stirred. This
grinding process allowed the nanocomposites to strike the wall and be bombarded by the
spheres to produce smaller nanocomposite material.
In Route 2, nanoparticles were synthesized in methanol and were not dried. The resulting
polymer/solvent solutions were phase inverted into nanoparticle suspensions in methanol
to form polymer nanocomposites. Route 2 was devised to simplify the synthesis
technique and was also attempted in water with little observed improvement to the
nanoparticle size compared to Route 1.
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Two different aromatic ligands (acetylsalicylic acid, ASA and 2-picolinic acid, PA) were
utilized to functionalize the surface of Tb3+:LaF3 nanocrystals (NC). The ligand to
nanocrystal (L:NC) ratio was varied for each ligand system for two reasons. Firstly, the
emission intensities of terbium have been observed to be dependent on the ratio of ligand
to inorganic component 116. Secondly, the amount of ligand attached to the surface of the
nanocrystal may affect nanoparticle agglomeration 117-119. The selected aromatic ligand
systems were characterized using infrared spectroscopy, thermal analysis, dynamic light
scattering and optical spectroscopy.
Organic Ligand IR Characterization
Powder samples of the ligands, nanoparticles and polymer nanocomposites were used to
conduct qualitative characterizations of ATR absorption peaks based on data found in
literature 98, 120-125. The vibration modes are classified using the following symbols: ν –
stretching, δ – deformation, and τ – torsion/wagging. Wavenumbers and IR band
assignments for the spectra of PA (Figure 3.1), and ASA (Figure 3.2) are found in Tables
3.1, and 3.2 respectively.
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Table 3.1: Observed vibrational modes for PA
Wavenumber (cm-1)
3112
3054

Modes of vibration
νCH (ring)
νCH (ring)

2591

νOH (CO2H)

1706
1658
1606
1593
1572
1527
1453
1438
1339
1293
1250
1157
1083
1045
1008
995
965
836
821
800
764
750
703

νC=O (CO2H)
νCH (ring)
νCC (ring)
νCC (ring)
νCC (ring)
νCC (ring)
νCH (ring)
νCC (ring)
νCC (ring)
δCH
δCH
δCH
δCH
δCH
νCH (ring)
δCH
δCH
δCH
δCH
δCH
δCH
δCCC (ring)
δCCC (ring)
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νCOO

Figure 3.1: Infrared spectrum (4000-500 cm-1) of PA
Listed in Table 3.1 are absorption bands associated with picolinic acid and the IR
spectrum is illustrated in Figure 3.1. The sharp peak located at 3112 cm-1 reflects C-H
stretching from the aromatic ring. The broad peak with mid-center location of 2591 cm-1
was attributed to the O-H stretching from the carboxylic acid. The peak located at
1706 cm-1 is attributed to the C=O stretching of carboxylic acid. C-H stretching from the
aromatic ring is assigned to the 1658 cm-1 peak. Six bands represent the C-C stretching
of the conjugated ring system of pyridine. These were observed at 1606, 1593, 1572,
1527, 1438, and 1339 cm-1 without a contribution from the C-N bond which are similar to
the absorption peaks observed by Lewandowski, et al. 123. Lewandowski, et al.,
conducted experimental FT-IR, FT-Raman and 1H NMR and theoretical studies of metals

48

chelated by picolinic acid. The bands that are at 1293 and 1083 cm-1 correspond to in
plane deformation of C-H bonds in the pyridine ring. The absorption peak observed at
750 cm-1 indicates deformation of the carbons within the ring.
Table 3.2: Observed vibrational modes for ASA
Wavenumber (cm-1)
3000-2500
3000-3100
2975-2950
1749
1680
1604
1562

Modes of vibration
νOH
νCH (ring)
νCH3
νC=O (ester)
νC=O (carboxy)
νC=O (ring)
νCC (ring)

νC=C
δOH

1456

νC=C

δCH (ring)

δCH3

1418

δOH

δCH3

δCOH

1368

δCH3

νCC (ring)

δCH (ring)

1303

δCOH

1292
1256

δCOH
δCH (ring)

1218

ν-O-CO-CH3

δCH (ring)

1183

ν-O-CO-CH3

δCH (ring)

1134

δCH (ring)

1093

δCH (ring)

νCC (ring)

1012

δ-O-CO-CH3

δCH3

915

δ-O-CO-CH3

νCC (ring)

839

δCH (ring)

803
791

δ-O-CO-CH3
δCH (ring)

δCC (ring)
νCOOH

753
704
666

δCH (ring)
δCH (ring)
δCH (ring)

δCC (ring)
δCOOH
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δCH (ring)

δO-C=O

Figure 3.2: Infrared spectrum (4000-500 cm-1) of ASA
The broad absorption peak of ASA that spans from approximately 3250 to 2500 cm-1
(Figure 3.2) contains stretching modes of the O-H group from the acid, CH3 group
attached to the ketone and C-H bonds located on the benzene ring. C=O stretching was
assigned to the peaks observed at 1749 cm-1 for the ester and1680 cm-1 for the carboxy
group. The strong peak at 1604 cm-1 is attributed to C-C stretching in the benzene ring,
ring deformation and C-C-C deformation 98. The peaks located at 1562 cm-1 and 1456
cm-1 are also associated with benzene ring stretching of C=C and C-C bonds,
respectively. The band at 1303 cm-1 is related to O-H deformation and C-C stretching of
the ring. The peak observed at 915 cm-1 contains C-C, O-C, C-O, and C-CH3
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deformations. Deformation of the CH3 and stretching of C-O-C and C-C bonds were
assigned to the peak observed at 1183 cm-1.
Nanoparticle IR Characterization
The nanoparticle constitutes the doped nanocrystal (NC = Tb3+:LaF3) with attached
ligand (PA or ASA). PA:NC refers to PA ligand capped nanocrystals and ASA:NC
corresponds with ASA ligand capped nanocrystals. Illustrated in Figure 3.3 and 3.4 are
the IR spectra of PA:NC via synthesis Routes 1 and 2 respectively. Changes to the
wavenumber of the observed peaks in the spectra of the nanoparticles could indicate
perturbations to the ligand systems 123. These perturbations (deformations of the uniform
distribution of π-electron density within the ring) of aromatic systems may result in band
elimination, band shifting to lower wavenumbers as a result of bond weakening, or band
intensity reduction 123.
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Figure 3.3: Infrared spectrum (4000-500 cm-1) of PA:NC via synthetic Route 1 (water
synthesis)

Figure 3.4: Infrared spectrum (4000-500 cm-1) of PA:NC via synthetic Route 2
(methanol synthesis)
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Representative IR spectra for PA:NC via synthetic Route 1 is displayed in Figure 3.3 and
via Route 2 in Figure 3.4. The spectra are similar and will be discussed as such. The
broad peak with the mid center point located at 3395 cm-1 corresponds to O-H stretching
of the residual solvent.
The observed 1706 cm-1 peak of PA found in Figure 3.1 corresponds to the stretching of
C=O bonds from the carboxylic acid. This peak was not observed by Lewandowski, et
al., who studied metal picolinates (picolinic acid coordination of magnesium, calcium,
strontium and barium). However, the peak was observed by Koczon, et al., in picolinic
acid. This work focused on experimental and theoretical IR and Raman spectra analyses
of picolinic, nicotinic, and isonicotinic acids and their complexes with different
metals 125. This research indicated that stretching of the C=O from the carboxylic acid
occurred at 1717 cm-1. However they did not observe the 1706 cm-1 band in the spectra
of the PA:NC shown in Figure 3.3 and 3.4. The absence of this peak may indicate ligand
attachment to the nanocrystal.
A peak at 1651 cm-1 was observed in the spectra of PA:NC via Routes 1 and 2 in Figure
3.3 and 3.4 respectively. The 1651 cm-1 reflects the C-O stretching of the formed anion
which is not related to the peak of 1658 cm-1 associated with C-H stretching from the
aromatic ring list in Table 3.1. The anion of the acid is formed as the result of ionization
of the hydroxyl group.
The 1606, 1527, and 1339 cm-1 observed peaks of picolinic acid in Figure 3.1 are similar
to the picolinic acid peaks at 1607, 1528, and 1343 cm-1 viewed by Lewandowski, et al.
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These peaks are associated with stretching of the C-C bonds from the aromatic ring and
were not observed in the metal picolinate spectra study by Lewandowski, et al. The lack
of the 1606, 1527, and 1339 cm-1 peaks in this research as depicted in Figures 3.3 and 3.4
is an indication that the addition of the nanocrystals has an influence on the ligand
structure.
The peaks associated with C-C stretching from the aromatic ring that are present in
picolinic acid and remain in nanoparticles via Routes 1 and 2 are located at 1593 and
1572 cm-1 (Figure 3.1) for the acid and ~1593 and ~1568 cm-1 for the PA:NCs (Figures
3.3 and 3.4). There exists relatively little change to the peak values which may indicate
stronger vibrations as the result of perturbations in other areas of the ligand.

Figure 3.5: Infrared spectrum (4000-500 cm-1) of ASA:NC via synthetic Route 1 (water
synthesis)
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Figure 3.6: Infrared spectrum (4000-500 cm-1) of ASA system via Route 2 (methanol
synthesis)
The IR spectra obtained for ASA:NC produced by water synthesis is shown in Figure 3.5
and via methanol synthesis is illustrated in Figure 3.6. The broad peaks located at
3438 cm-1 for ASA:NC via Route 1 and 3389 cm-1 via Route 2 are indicative of O-H
stretching from the residual solvent. The 1720 cm-1 peak is associated with C=O
stretching of the carboxy group which is observed in ASA:NC via Route 2 but not in the
IR spectra for Route 1. The peaks 1625 cm-1 (synthetic Route 1 in Figure 3.6) and 1624
cm-1 (synthetic Route 2 in Figure 3.7) which were not observed in the IR spectra for ASA
were indications of C=C bond stretching of the ring. Observed peaks at 1596 cm-1 for
Route 1 and 1593 cm-1 for Route 2 correlate to C=O stretching with the corresponding
peak in acid at 1604 cm-1. O-H deformation was assigned to the peaks located at 1399
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cm-1 for water synthesis and 1401 cm-1 for the methanol synthesis and were lower than
the 1418 cm-1 peak of the acid. C-H deformation at the ring linked to the peak located at
1256 cm-1 of the acid were observed to occur at lower wavenumbers for the
nanoparticles, 1249 cm-1 for both synthesis procedures. These perturbations of ligand
clearly indicate an influence of the nanocrystals on the ligand
PMMA IR Characterization
Table 3.3: Observed vibrational modes for PMMA
Wavenumber (cm-1)

Modes of vibration

2994

νCH3

2950
1725

νCH3
νCOH

1481

δC-CH3

1435

νCH3

1387
1266
1239
1190
1145
988
841

δC-CH3
νOC
νOC
νC-C-O
νCO
τCH
τCH

750

τCH2

56

δCOH

νC-C-O

Figure 3.7: Infrared spectrum (4000-500 cm-1) of undoped precipitated PMMA
Shown in Figure 3.7 is a cluster of peaks found at 2994 and 2950 cm-1 within the
undoped precipitated PMMA spectra which typically represent CH3, CH2, and CH
stretching. The stretching of the saturated aldehyde is generally characterized with a
strong peak located around 1725 cm-1. The two peaks located ~ 1480 cm-1 and 1380 cm-1
may illustrate the two bands that designate C-CH3 deformation. The CH3 stretching may
resulted in a peak located approximately at 1435 cm-1 where as the peaks located between
1210 – 1320 cm-1 and at 1145 cm-1 may indicate O-C and C-O stretching respectively.
The peaks located between 750 – 988 cm-1 may correspond to torsional deformation of
CH bonds.
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Polymer Nanocomposite IR Characterization
The FT-IR spectra shown in Figure 3.8 compares undoped precipitated PMMA (red) with
ASA ligand capped nanocrystals and PA ligand capped nanocrystals dispersed in PMMA.
The ASA system was synthesized to 2:1, 3:1, 4:1 and 5:1 molar ligand to nanocrystal
ratio via synthetic Routes 1 and 2. PA system was also synthesized to 2:1, 3:1, 4:1 and
5:1 L:NC through water synthesis and methanol synthesis.
The green spectra represent PMMA nanocomposites composed of the PA system
(PMMA:PA system) via water synthesis (dark green) and methanol synthesis (light
green). The blue spectra correspond to the PMMA nanocomposites made from the ASA
system (PMMA:ASA system) where the nanoparticles were synthesized in water (dark
blue) and in methanol (light blue).
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Figure 3.8: ATR infrared spectra a.) at 4000-500 cm-1 of undoped precipitated PMMA
(red), ASA systems via water (dark blue) and via methanol (light blue), PA systems via
water (dark green) and via methanol (light green) b.) Inset: Representation of peaks
located at 1700-1500 cm-1

All the anticipated peaks for the undoped PMMA were present in the spectra of the
nanoparticle loaded PMMA (PMMA nanocomposite). The IR spectra of PMMA
overlapped many of the absorption bands of the ligand systems except in area of 17001500 cm-1, inset of Figure 3.9. The peaks located in this area were found to correlate to
peaks observed in the IR spectra of the ligands and nanoparticles.
The spectra in Figure 3.9 for the PMMA nanocomposite composed of the PA system
(PMMA:PA:NC) via water (dark green) and methanol (light green) nanoparticle
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synthesis exhibited absorption peaks at 1653 cm-1, 1593 cm-1 and 1568 cm-1 that are not
present in undoped PMMA. The 1653 cm-1 reflects the C-O stretching of the formed
anion. The 1593 and 1568 cm-1 peaks are associated with C-C stretching in the pyridine
ring. Lewandowski, et al., observed a peak located at 1606 cm-1 in picolinic acid that did
not appear for any of the studied metal complexes which is similar to this work where the
this peak did not appear in the IR spectra of the ligand capped nanocrystals.
The C-C stretching associated with the 1568 cm-1 band was observed at lower
wavenumber compared to the observed band (1572 cm-1) in picolinic acid. The
wavenumber shift was comparable with the ligand coordination of weak cations in a
study conducted by Lewandowski, et al 123. The wavenumber reduction may be an
indication of nanocrystal influence on the perturbation on the ligand system. There was
no observed change in the 1593 cm-1 peak.
The synthetic Route 2 of the PMMA:PA:NC produced broad peaks observed at center
mid points of 3394 cm-1 and 1616 cm-1. The band with the center point of 3394 cm-1 is
related to the O-H stretching associated with methanol.
The synthetic Route 2 of the PMMA:ASA:NC produced broad peaks at center mid-points
of 3549 cm-1 representing O-H stretching that corresponds to residual solvent.
Two peaks at 1601 cm-1 and 1559 cm-1 were observed for the PMMA:ASA:NC that were
not present in undoped PMMA. These bands suggest C-C stretching within the aromatic
ring. The peaks were located at lower wavenumbers compared to the corresponding
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bands of 1604 cm-1 and 1562 cm-1 observed in ASA. In ASA:NC these peaks were
located at ~1596 cm-1 with a shoulder at1562 cm-1. Again, these changes in vibrational
signatures are an indication of nanocrystal and ligand interaction.
The work presented by Wang, et al., on the production of water soluble LaF3:Yb3+ and
LaF3:Er3+ nanocrystals synthesized in methanol without ligands reported a broad
absorption band around 3412 cm-1 which was attributed to O-H stretching vibrations i.e.,
hydrogen bonding of alcohols 45, 126. The absorption peak at 3200 – 3400 cm-1 observed
in Figure 3.4 is similar to the work of Wang, et al. These peaks do not occur in synthetic
Route 1 as a result of two drying steps which eliminate the water and hence the
associated OH groups. The nanoparticles are dried before incorporation into the
polymer/solvent solution and the nanocomposite is dried after phase inversion.
Elemental Analysis of Inorganic Component of Ligand Capped Nanocrystal
The results of the elemental composition of the nanoparticles determined by energy
dispersive x-ray (EDX) spectroscopy are summarized in Table 3.4. The L:NC ratios
were calculated based on the molar concentrations of the ligand to those of the sum of
La3+ and Tb3+. The calculated atomic percentages were as follows: F - 75%, La - 20%
and Tb - 5%.
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Table 3.4: Inorganic elemental composition and corresponding atomic percentage of
nanoparticles synthesized in water and methanol at different molar ligand to nanocrystal
ratios
PA:NC
Elemental Composition
Synthetic
Route
(Solvent)
1
(Water)

2
(MeOH)

ASA:NC
Elemental Composition

Molar
Ligand to
Nanocrystal
Ratio
2:1
3:1

La
Atomic
%
36
46

Tb
Atomic
%
5
8

F
Atomic
%
59
46

La
Atomic
%
43
31

Tb
Atomic
%
9
8

F
Atomic
%
48
61

4:1
5:1
2:1
3:1
4:1
5:1

49
31
26
36
28
22

8
5
9
10
10
14

43
64
65
54
62
64

32
31
24
24
23
31

8
7
10
9
7
8

60
62
66
67
70
61

Data analysis through EDX confirmed the existence of Tb, La, and F in the doped
nanocrystals. The desired lanthanum to terbium (La:Tb) molar ratio was 4:1 (80:20)
since concentration quenching has been shown to occur when Tb3+ levels exceeded 20%
of the total RE ion component of the inorganic host nanocrystal 127.
In order to maintain an 80/20 ratio of La:Tb so as to minimize the possibility of
concentration quench, the calculated fluoride to lanthanum ratio was 4:1 and fluoride to
terbium was 14:1. The importance of the fluoride content is related to its ability to act as
a lattice stabilizer within the crystal allowing interspatial distance between the active
ion 128. All the experimental ratios were less than the calculated ratios. In the case of
fluorine, this reduction could be attributed to the exchange of the fluoride anions with
hydroxyl groups. The exchange between F and OH bonds throughout the nanoparticles is
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undesirable as a result of producing efficient deactivation pathways of the RE ion
emissions 63.
Thermal Analysis of Polymer Nanocomposites
Nanoparticle loadings were determined using thermogravimetric analysis (TGA) for both
synthesis routes. In synthesis Route 1 (water synthesis), nanoparticle loading can be
predetermined and post evaluation is conducted to verify the loading level. The
nanoparticle loadings of nanocomposites produced via Route 2 are determined by thermal
analysis after nanoparticle incorporation. The nanocomposites prepared by synthetic
Route 2 vary in loading values due to their bulk production method.
The typical melt extrusion temperatures for PMMA are 200 – 250°C and thus it was of
interest to examine mass loss at 250°C for PMMA nanocomposites. Polymers that
exhibit mass loss within extrusion temperature greater than 2% are not considered fit for
melt extrusion 129. Also, the extrapolated onset and offset of degradation were measured
in order to understand degradation profile of the polymer nanocomposites compared to
undoped PMMA.
The measured weight percentage remaining at 495°C from TGA thermograms of
undoped PMMA was less than 0.5%. The measured nanoparticle loading for the water
synthesis was 10%. Thereafter, the nanoparticle loading for the nanocomposites was
determined by analyzing the weight percent remaining at 495°C from TGA thermograms.
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Thermogravimetric Analysis of Polymer Nanocomposites with Water Synthesized
Nanoparticles (Synthetic Route 1)
PMMA:ASA:NC
Representative TGA thermograms of the polymer nanocomposites (PMMA:ASA:NC and
PMMA:PA:NC) via synthesis Route 1 are shown in Figures 3.9-3.12. The thermal
behavior of the polymer nanocomposites was evaluated from 25 to 500°C at a constant
heating rate of 10°C/minute under nitrogen at a flow rate of 40 ml per minute.

Figure 3.9: Representative TGA scans of PMMA:ASA:NC via water synthesis, mass
loss analyzed at 250°C, and onset and offset of degradation analysis
In Figure 3.9, the representative undoped PMMA TGA thermogram displays the
expected thermal decomposition profile. Thermal degradation of PMMA has been
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widely studied 130-135. The TGA thermogram of undoped PMMA in this research (Figure
3.9) suggests that the polymer was anionically polymerized as indicated by the sharp
decrease in the mass that occurred around 360°C, based on similar findings reported by
McNeil and Kashiwagi, et al 132, 134. The initiation of PMMA degradation is proposed to
occur from two mechanisms: main chain random scission and hemolytic scission of the
methoxycaronyl side group 132-135. The main chain random scission mechanism is stated
to take place when an isobutyryl and primary macroradicals are formed followed by β
scission with monomer generation and β elimination with the formation of methallylterminated PMMA, CO, CO2, methoxy and methyl radicals 136. The basis for the second
thermal degradation mechanism of PMMA is that main chain scissions are kineticallyinhibited relative to side-group or chain-end scissions 133. As a result, Manring proposed
that side group scission is favored and will initiate PMMA degradation whenever sidegroup bonds are of similar energy to or weaker than the main chain bonds 135.
Nevertheless, the degradation product is the monomer, MMA, at greater than 96% 131, 132.
The mass loss at 250°C shown in Figure 3.9 was below 1% for all water-synthesized
polymer nanocomposites loaded with ASA:NCs. The mass loss that did occur could
represent the release of water bound to the surface of the polymer nanocomposite. No
change was observed in the extrapolated	
  onset and offsets of degradation for each
polymer nanocomposite with ASA:NCs via water synthesis compared to undoped
PMMA illustrated in Figure 3.9.
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Figure 3.10 displays an enhanced view in the temperature range of 380 – 500°C from
Figure 3.9 that shows nanocrystal loading determined from the remaining mass at 495°C.
PMMA:ASA:NC synthesized in water contained ~ 10 wt% of nanoparticles as shown in
Figure 3.10.

Figure 3.10: Magnified region from Figure 3.9: Representative TGA scans of
PMMA:ASA:NC with NC via water synthesis, mass remaining analyzed at 495°C
PMMA:PA:NC
Presented in Figures 3.11 – 3.12 are the representative TGA thermograms of the polymer
nanocomposites evaluated from 25 to 500°C at a constant heating rate of 10°C/minute
under nitrogen.
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Figure 3.11: Representative TGA scans of PMMA:PA system via water synthesis, mass
loss analyzed at 250°C, and onset and offset of degradation analysis
In Figure 3.11, no difference was observed in the mass loss at 250°C, for PMMA:PA:NC
composites. However, a slight increase in the extrapolated	
  onsets and offsets of
degradation for each polymer nanocomposite compared to the undoped PMMA was
observed. This could be associated with the interaction of the nanoparticles and the
polymer chains. The introduction of the nanoparticles may restrict chain mobility
resulting in a suppression in chain transfer reactions and redistribution during the thermal
process, thus increasing the degradation temperature range 137. This type of phenomenon
was observed by Hanu, et al., in their study of thermal stability and flammability of
silicone polymer composites filled with mica, glass frit, and ferric oxide.
An enhanced view of the temperature range of 380 – 500°C from Figure 3.11 is displayed
in Figure 3.12 which indicates the measured nanocrystal loading at 495°C of
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PMMA:PA:NC synthesized in water. The average experimentally measured loading was
~ 7 wt% compared to the calculated loading value of 10% as shown in Figure 3.12.

Figure 3.12: Enhanced region from Figure 3.11: Representative TGA scans of
PMMA:PA system via water synthesis, mass remaining analyzed at 495°C
The 3% difference in nanoparticle loading between the experimental values for the
polymer nanocomposites and the calculated value could be attributed to the size of the
nanoparticle/agglomerates containing more ligand than nanocrystal.
Thermogravimetric Analysis of Polymer Nanocomposites with MeOH Synthesized
Nanoparticles (Synthetic Route 2)
The thermal performances of polymer nanocomposite with ASA:NC and PA:NC
synthesized via MeOH both compared to undoped PMMA are presented in Figures 3.13
– 3.14 in the temperature range of 25 – 500°C.
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Figure 3.13: Representative TGA scans of PMMA:ASA system via MeOH synthesis,
mass loss analyzed at 250°C, and onset and offset of degradation analysis

Figure 3:14: Representative TGA scans of PMMA:PA system via MeOH synthesis, mass
loss analyzed at 250°C, and onset and offset of degradation analysis
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The decomposition of the PMMA nanocomposites with particles synthesized in MeOH is
different than those of undoped PMMA and water synthesized nanocomposites. Both
PMMA:ASA:NC and PMMA:PA:NC with nanoparticles via synthetic Route 2
experienced mass losses in the range of 2% for PMMA:ASA:NCs and 4% for
PMMA:PA:NCs before 250°C shown in Figures 3.13 and 3.14, respectively. The mass
loss in the range below 250°C could be attributed to the presence of absorbed water or
trace amounts of bound methanol within the nanocomposite that was not volatilized
during the drying step 138. In order to reduce this mass loss, evaluation of an extended
drying procedure was conducted.

Figure 3:15: Representative TGA scan of PMMA nanocomposite (ASA) via MeOH
synthesis after 72 hours in a desiccator, mass loss analyzed at 250°C, and onset and offset
of degradation analysis
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A representative TGA thermogram of the polymer nanocomposites produced by synthesis
Route 2 after the extended drying procedure is depicted in Figure 3.15. Nanoparticles
synthesized via the methanol method then incorporated into PMMA were left to dry in a
desiccator for over 72 hours. The mass loss at 250°C was observed to ~ 0.3% for a
nanoparticle loading level around 5% which was comparable to the average mass loss of
the water synthesized nanocomposites.
The decomposition of the nanocomposites composed of nanoparticles synthesized in
MeOH shown in Figure 3.13 and 3.14 starts at a significantly reduced temperature
(276°C for PMMA:ASA:NCs and 282°C for PMMA:PA:NCs) than undoped PMMA
(346 °C). The lower extrapolated onset temperatures may suggest the breaking of weak
linkages between the polymer and ligand that is attached to the nanoparticle 134. The
surface attached ligands could be reacting with the polymer during decomposition.
Generally, when good interfacial interactions occur in an organic-inorganic composite,
the inorganic component may restrict the movement of polymer chains, which typically
results in increasing the degradation temperature 139. The counter effect was observed in
reference to the degradation temperature in this case; therefore, the reduction in the onset
of degradation it is more likely that this could be attributed to acid catalyzed
decomposition through the interaction of the side groups with the ligand component of
the inorganic nanoparticle and excess solvent 135, 140.
The observed phase transitions from TGA of the PMMA nanocomposites composed of
nanoparticles produced by synthesis Route 2 shown in Figures 3.13 and 3.14 could be the
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result of the large loading level of nanoparticles within the polymer on average in the
range of 14% to 28%. The thermograms for both ASA:NC and PA:NC exhibited
decomposition profiles similar to the decomposition of the organic ligands. Illustrated in
Figures 3.16 and 3.17 are the TGA thermograms of ASA and PA respectively.

Figure 3.16: Representative TGA thermogram of ASA, mass loss analyzed and onset of
degradation analysis under nitrogen
The ASA ligand under nitrogen has an onset of degradation temperature at approximately
145°C which is represented in Figure 3.16. The decomposition of the ligand has two
stages where the first stage accounts for 58% and the second stage accounts 42% of the
mass loss as illustrated in Figure 3.16. Ribeiro, et al., reported similar results for the
decomposition of ASA under air and noted that the decomposition of ASA under
nitrogen was similar except for the mass loss percentages at each step. Their results and
those by Rainsford conclude that in the first stage acetic acid was eliminated,
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acetylsalicylic and salicylic acids were evaporated and cyclic polymers, termed
salicylides, were formed 141, 142. Ribeiro also stated that in the next stage residual acetic
and salicylic acids were eliminated with the decomposition of the salicylides 142. In this
scheme, water and carbon dioxide are formed as by-products.

Figure 3.17: Representative TGA thermogram of PA, mass loss analyzed, and onset of
degradation analysis
The observed extrapolated onset of degradation for picolinic acid is around 142°C as
shown in Figure 3.17 and decomposition occurs in one phase which is reported to include
decarboxylation, the breakdown of the pyridine ring and the generation of carbon
dioxide 143, 144.
An enhanced view of the temperature range 380 – 500°C for the loading analysis of
PMMA:ASA:NC and PMMA:PA:NCs is pictured in Figure 3.18 and 3.19.
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Figure 3.18: Enhanced region from Figure 3.13: Representative TGA scans of
PMMA:ASA system via MeOH synthesis, mass remaining analyzed at 495°C

Figure 3.19: Enhanced region from Figure 3.14: Representative TGA scans of
PMMA:PA system via MeOH synthesis, mass remaining analyzed at 495°C
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The methanol synthesized systems of PMMA:ASA and PMMA:PA produced
nanoparticle loadings in the range of 8% to 33% (Table 3.2) where the average loading
was ~ 14% for PMMA:ASA and ~ 28% for PMMA:PA (Figures 3.18 and 3.19). The
50% increase in nanoparticle loading for PMMA:PA could be attributed to picolinic acid
having a high affinity to combine with itself and RE ions; therefore allowing greater
dispersion within the polymer matrix 63.
Differential Scanning Calorimetry Characterization of Polymer Nanocomposites
The first DSC thermal pass and subsequent quench cooling process of a polymer sample
eliminates the thermal history of the polymer. The second thermal pass provides
characterization of the polymer thermal transitions. The Tg of the samples was
determined from the inflection point (I) of the DSC scan from the second pass. The
average of two sample runs is stated as the Tg for each polymer sample. The onset of the
glass transition temperature range (temperature located on the far left), the change in heat
capacity, ΔCp (located underneath the Tg (I)) and the offset temperature of the Tg range
(located on the far right) were determined for undoped PMMA and PMMA
nanocomposites. As can be seen in the representative DSC thermograms in Figures 3.20
and 3.21 no significant change in Tg was observed between the undoped PMMA and
PMMA nanocomposites.
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Figure 3.20: Glass transition temperature analysis of PMMA:ASA systems synthesized
in water after quenching

Figure 3.21: Glass transition temperature analysis of PMMA:PA systems synthesized in
water after quenching
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Figure 3.22: Glass transition temperature analysis of PMMA:ASA systems synthesized
in methanol after quenching

Figure 3.23: Glass transition temperature analysis of PMMA:PA systems synthesized in
methanol after quenching
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A difference was observed in ΔCp of the PMMA:PA:NCs where the NCs were produced
by synthesis Route 2 (average 0.12 J/(g· °C)) compared to that of undoped PMMA (0.31
J/(g· °C)) in Figure 3.23. Heat capacity is defined as the amount of energy (heat)
required to raise a mass of material one unit in temperature 24. The ΔCp would indicate
how much heat is required to increase molecular motion within the polymer. The
polymer nanocomposites with nanoparticles synthesized by the PA system in methanol
exhibited an average ΔCp that was three times lower than the undoped PMMA. This
reduction could be the result of the incorporation of the nanoparticle and its interaction
with the polymer chains. The lowering of ΔCp may indicate that the polymer molecules
possess less resistance in movement as a result of the nanoparticles being present within
the polymer matrix. The lower heat capacity values of the polymer nanocomposites can
be explained through the concept of free volume. Work of Doolittle and Turnbull, et al.,
described the concept of free volume as the probability of polymer chain movement as it
is related to the amount of space between the chains (free volume) within the polymer 145,
146

. The increase in free volume promotes chain mobility which requires less activation

energy to prompt chain movement. This is supported by the work of Hatzikiriakos where
nanoparticles were stated to have the ability to create small decreases of polymer
molecular entanglement density as a function of the high aspect ratio causing disruption
to the polymer chain entangled network which allows for easier chain movement 147.
The loading of the inorganic components (Tb3+:LaF3) and glass transition temperature
(Tg) of the PMMA nanocomposites obtained from TGA and DSC respectively are
presented in Table 3.5.
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Table 3.5: Percent loadings and glass transition temperature of ligand capped
nanocrystals in PMMA
Molar Ligand Experimental Loading Inflection Point Tg, °C
to Nanocrystal
Ligand
Ratio
Water
MeOH
Water
MeOH
ASA
2:1
9%
16%
120
119
3:1
9%
8%
121
120
4:1
10%
13%
121
119
5:1
10%
20%
121
118
PA
2:1
7%
33%
121
117
3:1
7%
29%
122
117
4:1
7%
31%
120
119
5:1
8%
19%
121
119
undoped PMMA precipitated
0%
122

The calorimetric relaxation strength or reduction in the change of heat capacity of the
polymer nanocomposites compared to the undoped PMMA is analogous to the behavior
of semicrystalline polymers. Boyer, in his study of semicrystalline polymers (e.g.
polyethylene and polyvinyl fluoride), proposed that the amorphous region was comprised
of two amorphous fractions; a continuous amorphous phase and a constrained amorphous
fraction 148. In the amorphous phase chains are randomly orientated but chain
arrangement within the constrained amorphous fraction is believed to be forced by the
existence of crystalline material.
Suzuki, et al., produced a calculation for constrained amorphous fraction or rigid
amorphous fraction (RAF) for semicrystalline polymers 149. The calculation of RAF
from the change in heat capacity has been modify to capture the immobilized fraction
induced by nanoparticles by replacing the crystallinity percentage with the inorganic
nanoparticle loading percentage (INPL) stated in Equation 3.1 150.
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!"# = 1 − !"#$ − ∆!!"#$ ∆!!"#

(3.1)

RAF = rigid amorphous fraction
INPL = inorganic nanoparticle loading
ΔCpMAF = change in heat capacity of PMMA nanocomposite (MAF)
ΔCpUD = change in heat capacity of undoped PMMA
The ratio in Equation 3.1 is the change in heat capacity of PMMA nanocomposite
(ΔCpMAF) normalized to the change in heat capacity of the undoped PMMA (ΔCpUD) at
the glass transition. ΔCpMAF represents the fraction of the polymer that contributes to the
glass transition temperature and is known as the mobile amorphous fraction (MAF) 150.
Figure 3.24 displays the ratio of the change in heat capacity as a function of inorganic
nanoparticle loading.

Figure 3.24: Ratio of the change in heat capacity as a function of inorganic nanoparticle
loading - Double arrow lines indicate contributions to heat capacity for the PMMA
nanocomposites composed of 30% by mass of nanoparticles capped with PA ligand via
synthetic Route 2
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Symbols in Figure 3.24 correspond to the calculated RAF from Equation 3.1 of polymer
nanocomposites with ligand capped nanoparticles via Route 1 and 2 as follows:
ASA:NCs via MeOH synthesis, - ASA:NCs via water synthesis,
synthesis, and

-

- PA:NCs via MeOH

- PA:NCs via water synthesis. The values above the green line represent

the discrepancy between the average quantities and the uncertainties in the composition
of the polymer nanocomposites which was also noted by Sargsyan, et al 150.
The double arrowed lines at 30% by mass of inorganic nanoparticle loading in principle
indicate the composition of the polymer nanocomposite in reference to nanoparticle
loading and amorphous fractions for PA:NCs via MeOH synthesis. The top blue line
represents the average inorganic nanoparticle loading (INPL) fraction at 31% based on
the distance from the green line to the value of 1 from the y-axis. The average measured
MAF portion (black) at 12% was calculated based on ΔCp values found in Figure 3.23.
The difference between MAF and INPL which represents the RAF portion (red) is 57%.
The diagonal green line in Figure 3.24 represents an ideal situation of no interfacial
immobilization where the polymer nanocomposite is a two phase system consisting only
of the inorganic nanoparticle loading portion and the mobile amorphous fraction 150. In
this research that is not the case. Sargsyan, et al., stated that agglomeration facilitates the
observed decrease in the change in heat capacity ratio as a result of a decrease in RAF per
nanoparticle with the increase in filler concentration. The reduction is also noticed for
the PA:NCs via MeOH synthesis with the average RAF calculated from Equation 3.1 of
33% compared to 57% indicated graphically in Figure 3.24.
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The implication of the existence of RAF is based on a portion of the coordinated polymer
chain movements not contributing to the change in heat capacity at the glass transition.
With an estimated volume ratio of ligand-to-nanocrystal of 325:1, this phenomena was
clearly observed for PA:NCs via MeOH synthesis. The part of the polymer chain is
immobilized at the interface of the nanoparticle/agglomerate resulting in less of the
polymer participating in movement. Consequently, lower values are observed in the
change in heat capacity at the glass transition. The part of the chain that is not locate near
the polymer-nanoparticle/agglomerate interface is free to move and behaves like the bulk
molten polymer which results in no significant increase in the glass transition temperature
or broadening of the glass transition temperature range 150.
Nanoparticle Size Determination
Suspensions containing different L:NC ratios of PA:Tb3+:LaF3 and ASA:Tb3+:LaF3 were
measured by dynamic light scattering to determine the intensity size distribution of the
nanoparticles and or agglomerates. Previous work of Ellerbrock using a similar water
nanoparticle synthesis route found that Tb3+:LaF3 particles without ligand had individual
nanocrystal sizes of 6 ± 1 nm in diameter 114. Particles incorporated into light
transmission media should be smaller than the excitation wavelength otherwise light
scattering will be enhanced. Excitation wavelengths are generally in the UV to near
visible range for RE ions and thus particle diameters of less than 200 nm are preferred.
The average of the measured diameters for each molar ligand to nanocrystal ratio for each
ligand capped nanoparticle system synthesized in water and methanol are presented in
Table 3.6.

82

Table 3.6: Agglomerate diameters of ligand capped nanocrystals in suspension via water
and methanol synthesis
Agglomerate Diameter via
Intensity Percentage (nm)
Molar Ligand to
Ligand Nanocrystal Ratio
Water
MeOH
388 ± 188
37 ± 2
ASA
2:1
302 ± 198
41 ± 6
3:1
303 ± 74
34 ± 4
4:1
893 ± 418
368 ± 83
5:1
529 ± 229
919 ± 293
PA
2:1
326 ± 75
1570 ± 1240
3:1
613 ± 209
587 ± 220
4:1
1080 ± 192
776 ± 105
5:1
Listed in Table 3.6 are the average measured hydrodynamic diameters determined by
dynamic light scattering for each L:NC ratio of each ligand capped nanoparticle system.
Particle diameters greater than 7 nm suggests that particulate agglomerates formed. All
L:NC ratios of PA:Tb3+:LaF3 synthesized in water and in methanol and all L:NC ratios of
ASA:Tb3+:LaF3 via synthesis Route 1 produced agglomerate diameters greater than
200 nm. Figure 3.25 shows a representative illustration of agglomerates in suspension
where the large one is on the order of 8000 nm and the smaller agglomerates are on the
order of 800 nm. As determined from DLS, the usually large agglomerate (> 8000 nm)
typically represents less than a percent of the overall scattered light for these systems.
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Figure 3.25: STEM image of ligand capped Tb3+:LaF3 agglomerates in suspension
Due to these diameters being on the order of, or greater than the excitation wavelength of
the rare-earth ion (> 200 nm), light would be scattered resulting in reduced light
emission. This is supported by the work of Kumar, et al. who reported that scattering
losses increase with the particle size to the third power 68. The PA system produced
agglomerates from 300 – 2700 nm in diameter regardless of synthetic procedure which is
greater than the excitation wavelengths. Picolinic acid which possesses pyridine rings is
considered to be a coordinating agglomerant 151, 152. Picolinic acid as a ligand displaces
the counter ions within the diffuse layer and begins to bind with itself to decrease the
anion-based Coulombic-repulsion stabilization which leads to agglomeration 117, 151. The
choice of PA was based on Eu3+ and Tb3+ complexes with picolinic acid and derivates as
the ligands producing enhancements of the optical properties of the RE ions doped in
zirconium phosphate 63.
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The ASA-capped nanoparticles generated via synthesis routes 1 and 2 were incorporated
into PMMA to create PMMA nanocomposites. These nanocomposites were then placed
in THF to dissolve the polymer component and resuspend the particles. The
hydrodynamic diameters of the nanoparticles were then measured via light scattering.
For the ASA:NC via water synthesis, no difference was observed between the size of the
agglomerates resuspended in water versus the polymer nanocomposite resuspended in
THF.
Table 3.7: Agglomerate diameters of ASA:Tb3+:LaF3 at various molar ligand to
nanocrystal ratios suspended in methanol and within PMMA nanocomposite resuspended
in THF
Agglomerate Diameter via
Intensity Percentage (nm)
Molar Ligand to
MeOH
PMMA
Ligand Nanocrystal Ratio
Suspension
Nanocomposite
37 ± 2
210 ± 25
ASA
2:1
41 ± 6
180 ± 19
3:1
34 ± 4
270 ± 46
4:1
368 ± 83
1066 ± 225
5:1

The methanol synthesized nanoparticles produced average agglomerate diameters within
the solvent ranging from 34 to 368 nm and within nanocomposites ranging from 180 to
1066 nm as listed in Table 3.7. The agglomerate diameters in PMMA were
approximately four times that observed in the methanol suspensions for all molar ligand
to nanocrystal ratios. This increased agglomeration within the polymer nanocomposite
could be the result of the massive volume reduction that occurs during phase inversion.
This is similar to the findings of Laulicht, et al., who observed that drug-polymer
nanospheres formed larger clusters with lower surface energy per molecule in order to
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reduce their surface area when they came into contact with the nonsolvent during phase
inversion 153.
Agglomeration may also be influenced by the nanoparticle surface characteristics and the
particle-solvent interactions between the nanoparticle synthesis solvent and the solvent
utilized to dissolve the polymer 115. The onset of agglomeration in this case is analogous
to what is observed in colloidal filtration where colloids come in to contact with a porous
filtration medium. Agglomeration may be the result of the lack of surface charge
uniformity of the agglomerate and the pending interaction with the ionic environment of
the polymer/solvent suspension. The interaction between polymer/solvent molecules and
the surface charge heterogeneity of the agglomerates may serve to locally remove
electrostatic repulsion between the agglomerates resulting in the formation of larger
agglomerates 154.
Larger agglomerate formation within the polymer could be the result of the
polymer/solvent interaction. Upon precipitation, the polymer becomes immiscible in the
synthesis solvent and captures the smaller agglomerates which may lead to colloidal
deposition. Colloid deposition (formation of larger agglomerates) is proposed to occur in
the presence of a repulsive energy barrier (synthesis solvent where smaller agglomerates
are well dispersed) at greater distances from the surface of the particles where
electrostatic repulsion becomes negligible but van der Waals attraction forces are
significant 155. Therefore, when the polymer/solvent suspension is introduced to the
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synthesis solvent the van der Waals forces may affect the agglomerates to produce larger
species and be captured by the polymer in that form upon precipitation.
Summary
Polymer nanocomposites were produced with different ligands and varying molar ligand
to nanocrystal ratios in order to enhance the luminescence characteristics of the RE
dopant. The choice of ligand and the various molar ligand to nanoparticle ratios may
have created an environment where the surface charge of the nanoparticle changes based
on quantity of ligand in suspension resulting in agglomeration.
Two different solvents (water and methanol) were used in the synthesis of ligand capped
nanoparticles. The water synthesis was performed at basic pH with the intention of
promoting the deprotonation of the ligand in order to enhance the ligand to nanocrystal
coordination. This may have had an adverse affect on suspension stability.
Polymers used in optical applications especially for transmitting data (i.e. polymer optical
fibers) should be optically transparent in order to reduce attenuation. The optically-active
polymer nanocomposites produced were constructed to enhance emissions of the RE ion.
If these nanoparticles create agglomerates on the order to the excitation wavelength, the
excitation and emission would be scattered; thus, weaken the potential intensity of the
signal rendering the nanocomposite ineffective.
Therefore, understanding the impact of synthesis parameters on nanoparticle stability
within a suspension is needed.
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CHAPTER FOUR
RESULTS AND DISCUSSION:
THE INFLUENCE OF SYNTHESIS PARAMETERS ON PARTICLE SIZE OF
ACETYLSALICYLIC ACID CAPPED Tb3+:LaF3
ASA:Tb3+:LaF3 was synthesized in methanol via solution-precipitation chemistry for
subsequent incorporation into PMMA in order to produce optically-active polymer
nanocomposites. Suspension stability is paramount when producing optically transparent
materials. It is known that ligands, the manipulation of pH and ionic strength can change
the electrostatic nature of nanoparticles with the purpose of creating a stable
suspension 119.
As agglomerates diameters increase, their ability to scatter light also increases.
Consequentially, the transparency of the polymer nanocomposite diminishes which
influences the ability of the RE ion to absorb and emit efficiently. Inefficient emission
performance of the polymer nanocomposite may reduce the possibility of its use in
optical applications.
Optical spectroscopy, dynamic light scattering, transmission electron microscopy,
scanning transmission electron microscopy, and zeta potential analysis were used to
characterize the particles synthesized. In this chapter, the effect of the relative dielectric
constant of solvent, molar ligand to nanocrystal ratio, temperature, and synthesis pH on
the diameter of ASA:Tb3+:LaF3 nanoparticles in suspension and PMMA via solutionpolymer precipitation is reported.
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Dielectric Constant
The interaction between temperature and dielectric constant in relationship to the
thickness of the electric double layer is key factor in agglomerate size. Water has a
relative dielectric constant of ~80 at 25°C and ~64 at 70°C and methanol has a dielectric
constant of ~33 at 25°C 156, 157. Lowering the dielectric constant of water by elevating the
synthesis temperature to 70°C gives water a relative dielectric constant that is twice that
of methanol at 25°C. The resulting Debye screening thickness of the nanoparticles
should enable them to repel one another more efficiently than those synthesized in
methanol. Debye screening thickness is represented by κ-1 in Equation 1.3 where the
dielectric constant of the solvent is directly proportional to the Debye screening
thickness.
! !! =

!!   !!   !!   !
!  !!   ! !   !

(1.3)

κ-1 = Debye screening thickness
I = ionic strength of the electrolyte (mol/m3)
εr = dielectric constant of solvent
T = absolute temperature (Kelvin)
Constants:
ε0 = permittivity of free space (8.85 × 10−12 C2/Jm)
kB = Boltzmann constant (1.38 × 10−23 J/K)
NA = Avogadro number (6.02 × 1023 mol-1)
e = elementary charge (1.60 × 10−19 C)
Also, the nanoparticles synthesized in methanol should have effectively decreased the
electrical double layer between the particles resulting in attraction and therefore greater
agglomeration. A representative distribution of the average agglomerate size diameters
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for particles synthesized in water (388 nm) and methanol (37 nm) using the synthesis
procedures described in Section 2.2 are listed in Table 4.1.
Table 4.1: Average agglomerate diameter of nanoparticles synthesized in water and
methanol
Synthesis
Solvent
Water
Methanol

Agglomerate Diameter via
Intensity Percentage (nm)
388 ± 188 nm
37 ± 2 nm

The nanoparticles synthesized in methanol produced agglomerates that were, on average,
an order of magnitude smaller than the those produced in water, which is contrary to the
above statements and is illustrated in Figure 4.1. The agglomeration and large
agglomerate diameters in water could be the result of the clustering effects of hydrogen
bonded systems 158.
Methanol has fewer hydrogen bonds per molecule than water 159, 160. A possible
explanation for the smaller agglomerates could stem from that property of methanol and
the findings of Yun, et al. In their studies of the luminescence intensity of Tb3+ chelated
by carboxylic and oxocarbon anions in water and water-ethanol mixtures, they concluded
that by decreasing the dielectric constant of the mixed solvent, stronger ionic interaction
between Tb3+ ion and the ligand may induced 161. With methanol possessing fewer
hydrogen bonds than water, coupled with a possible stronger ionic interaction between
the nanocrystal and the ligand, the ligand may provide repulsive properties that produce a
more stable suspension than the synthesis conducted in water.
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The dielectric constant of the synthesis solvent appears to contribute to the formation of
agglomerates which has an effect on suspension stability. The Debye screening thickness
which determines the electrostatic behavior of the nanoparticles in suspension, as
described in Section entitled Electrical Double Layer Theory, is also a function of the
ionic strength of electrolytes and synthesis temperature.

Figure 4.1: STEM image of polymer nanocomposite synthesis in (a) water. Inset:
agglomerates greater than 200 nm and (b) in methanol
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Determination of Agglomerate Diameters
Particle diameter sizes determined by DLS are generally reported as an intensity size
distribution (Chapter 3). The dynamic light scattering technique works from the principle
that the Brownian motion of particles will scatter light after energy bombardment onto
the sample. Reporting the agglomerate size diameter via percent intensity aids in
understanding the size of the agglomerate which would scatter the most light. This type
of information is critical in reducing the size of the agglomerates under the excitation
wavelengths for the potential use of these polymer nanocomposites in optical application.
Particles that are relatively small compared to the incident wavelength of light tend to
scatter the light equally in all directions. This phenomenon is characterized as Rayleigh
scattering. The Rayleigh approximation (intensity of scattered light is proportional to the
diameter of the particle raised to the sixth power) provides the relationship between the
size of the particle diameter and the resultant scattering intensity. Suspensions containing
polydisperse diameters generally result in larger particles, more scattered light hence the
scattered light from smaller particles is negated. Consequently, the existence of the
smaller particles would not be known by just reporting the diameters in terms of the
intensity size distribution.
Mie scattering is another phenomenon that defines a relationship between particle size
and light scattering for particle sizes that are on the order of the wavelength of incident
light. Mie theory is able to provide an accurate conversion of intensity distribution to
volume distribution over all wavelengths and sizes. The robustness of the theory
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provides the ability to understand the importance of the different diameter sizes when
reporting in terms of volume distribution. Volume distribution describes the class of
particle size whose volume percentage scatters the most light.
Affect of Ligand Concentration on Agglomerate Diameters
Ligands in colloidal chemistry are viewed as either surfactants or electrolytes that have a
significant impact on the surface charge of nanoparticles and suspension stability. The
ligands contain ionizable moieties which are predicted to generate a surface charge on the
nanoparticle dependent on pH and electrolyte concentration 162. Ligands have been
utilized in the synthesis of colloidal RE orthovanadate nanocrystals where the ligand was
prepared in excess to present more ligand for the coordination complex of the RE ion
which resulted in observed colloidal suspension stability 118.
The ligands in this research are attached to the surface of the nanocrystals to reduce
emission quenching of the RE dopant and to aid in dispersion of the inorganic material
(RE doped nanocrystal) within the organic polymer matrix. As a result, the aromatic
ligand concentration may have an impact on the surface charge of particles which is
influenced by the pH of the synthesis. Liu, et al., illustrated that changing the
concentration of the capping ligand (citrate) in solution and/or altering the pH of silver
nanoparticles suspensions reduced aggregation 163. The work of Brust, et al., revealed
that the agglomerate size of gold nanoparticles surrounded by surface attached ligands
(alkane thiols) can be controlled by the reaction conditions where stable suspensions at
various pH values occurred by adjusting the ligand-to-metal ratio 164.
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The percent intensity agglomerate diameters in synthesis solvent and polymer
nanocomposite have been characterized for ASA ligand to nanocrystal (L:NC) ratios of
2:1, 3:1, 4:1, and 5:1 of nanoparticles synthesized in MeOH in the previous chapter. The
agglomerate diameters based on % volume distribution are listed in Table 4.2 for the
above L:NC ratios.
Table 4.2: Agglomerate diameters (Percent Volume) of ASA:Tb3+:LaF3 at various molar
ligand to nanocrystal ratios suspended in methanol and within PMMA nanocomposite
resuspended in THF
Agglomerate Diameter via
Volume Percentage (nm)
Ligand
ASA

Molar Ligand to
Nanocrystal Ratio
2:1
3:1
4:1
5:1

MeOH
Suspension
25 ± 3
29 ± 1
24 ± 1
380 ± 79

PMMA
Nanocomposite
118 ± 83
185 ± 22
285 ± 29
2491 ± 225

Within the PMMA nanocomposites, the smallest average agglomerate diameter via
percent volume distribution were found in the 2:1 molar ligand to nanocrystal ratio
nanocomposites at ~ 118 nm. Focus was placed on the influence of lower L:NC ratios to
determine if smaller agglomerate diameters could be produced.
A lower set of molar L:NC ratios were chosen to understand the relationship between the
quantity of the ligand and agglomerate size at various pHs. The methanol synthesis
(Route 2) contains ≤ 5% water; therefore, the relative pH is stated for the solution values.
pH 3 was chosen based on the pH for synthesis Route 2 and pH 8 was chosen based on
the pH for synthesis Route 1 stated in Chapter 3. Molar ligand to nanocrystal ratios were
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calculated in the same manner as described in Chapter 3. The agglomerate diameters
measured in synthesis solvent at the pH of 3 and 8 in the presence of 0.5:1, 1:1, and 1.5:1
molar L:NC ratios are listed in Table 4.3.
Table 4.3: Agglomerate diameters of ASA:Tb3+:LaF3 suspended in methanol at synthesis
pH 3 and 8 via intensity percentage and volume percentage
MeOH Suspension pH 3
	
  

Molar Ligand to
Nanocrystal Ratio

0.5:1
1:1
1.5:1

MeOH Suspension pH 8

Agglomerate Agglomerate Agglomerate Agglomerate
Diameter via Diameter via Diameter via Diameter via
Intensity
Volume
Intensity
Volume
Percentage
Percentage
Percentage
Percentage
(nm)
(nm)
(nm)
(nm)
25 ± 3
18 ± 4
519 ± 5
505 ± 4
150 ± 54
29 ± 22
392 ± 7
409 ± 8
45 ± 8
14 ± 4
692 ± 50
675 ± 58

The agglomerates synthesized under basic conditions at pH 8 produced diameters
reported by percent intensity and volume greater than the excitation wavelength of
terbium at the new molar ligand to nanocrystal ratios. The size increase of the
agglomerate diameters at pH 8 could be attributed to increasing the ionic concentration
(basic) of the synthesis environment resulting in a reduction of the diffuse layer of the
nanoparticles.
The nanoparticles synthesized under acidic conditions i.e., pH 3 produced agglomerate
sizes below the direct ligand excitation wavelength of 276 nm. The 0.5:1, 1:1 and 1.5:1
ratios in MeOH produced average agglomerate sizes within the intensity size distribution
that were ~ 25 nm, ~ 150 nm, and ~ 45 nm respectively which resulted in over half of the
measured scattered intensity. Of that intensity, over fifty percent of the volume contained
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average agglomerate diameters that were approximately 18 nm (0.5:1), 29 nm (1:1) and
14 nm (1.5:1).
The synthesis of the 1:1 ratio produced average agglomerate diameters, determined by
percent intensity, that were approximately 150 nm which is about three times as large as
the other diameters produced. Yet, the size of the agglomerates in MeOH suspension and
within the polymer nanocomposite is comparable.
The particles synthesized in a suspension of pH 3 at different molar ligand to nanocrystal
ratios were incorporated into PMMA/THF suspensions to form the polymer
nanocomposites. The agglomerate diameters determined by DLS of ASA:Tb3+:LaF3
suspended within PMMA nanocomposites at a synthesis pH 3 are listed in Table 4.4.
Table 4.4: Agglomerate diameters of ASA:Tb3+:LaF3 suspended within PMMA
nanocomposite
PMMA Nanocomposite
	
  

Molar
Ligand to
Nanocrystal
Ratio

0.5:1
1:1
1.5:1

Agglomerate
Diameter via
Intensity
Percentage (nm)
100 ± 63
155 ± 12
181 ± 36

Agglomerate
Diameter via
Volume
Percentage (nm)
11 ± 5
13 ± 7
16 ± 3

There was no observed difference in the average agglomerate diameters as determined by
the intensity size or volume distributions. The agglomerates in PMMA incurred an
increase in % intensity diameter size for 0.5:1 and 1.5:1 ratios which is similar to what
was observed and stated in the previous chapter. TEM images representing the
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agglomerates within PMMA for each ratio are displayed in Figures 4.2 – 4.4 where the
dispersion of the agglomerates within the polymer is visible. The largest agglomerate
size for the three L:NC ratios that would scatter light would be on the order of 181 nm.
At 181 nm, the agglomerate diameter is below the direct ligand excitation wavelength of
276 nm. The volume distribution of the agglomerate sizes for all three L:NC ratios
measured diameters was around 20 nm within the polymer nanocomposite as well as the
MeOH suspension. The consistency of the agglomerate diameters at these L:NC ratios
versus the agglomerate diameters for the ratios greater than 2:1 are supported by the work
of Leff, et al. In their work, they observed the agglomerate size of gold nanoparticles
were controlled via the synthesis by changing the ligand (1-dodecanethiol and lauryl
mercaptan) to metal molar ratios to produce specific particle diameters in the range of
1.5 – 20 nm 165.

Figure 4.2: TEM image of ASA:Tb3+:LaF3 agglomerates in PMMA at 0.5:1 L:NC ratio
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Figure 4.3: TEM image of ASA:Tb3+:LaF3 agglomerates in PMMA at 1:1 L:NC ratio

Figure 4.4: TEM image of ASA:Tb3+:LaF3 agglomerates in PMMA at 1.5:1 L:NC ratio
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Photoluminescence Spectroscopy
Polymer nanocomposite samples at 0.5:1 and 1.5:1 molar ratios of ligand-to-nanocrystal
represent the minimum and maximum average agglomerate diameters (100 nm and
181 nm, respectively) as indicated in Table 4.3. Samples of these two ratios were
analyzed at the direct ligand excitation wavelength (276 nm) to determine if the ratio has
any influence on the photoluminescence characteristics of the polymer nanocomposites
which is illustrated in Figure 4.5.

Figure 4.5: Photoluminescence spectra under direct ligand excitation at 276 nm of
PMMA:ASA:Tb3+:LaF3 nanocomposite synthesized at L:NC ratio of 0.5:1 (blue) and
1.5:1 (green)

There was no observable difference in the full width half maximum (FWHM) values for
the emission peak centered at 490 nm for 0.5:1 and 1.5:1. As expected, the
characteristics peaks for terbium are present for the 0.5:1 and 1.5:1 ratios where the
emissions bands centered at approximately at 490, 543, 585, and 621 nm correspond to
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the 5D4→7F6, 5D4→7F5, 5D4→7F4, and 5D4→7F3 transitions. The FWHM values are
similar to the values measured for the other ASA system nanocomposites evaluated in
this research and are in agreement with the work of Li, et al. They observed that terbium
and europium complexes chelated using polyaminocarboxylate covalently joined to an
organic sensitizer produced emission spectra with FWHM values < 10 nm 166.
Affect of Synthesis Temperature on Agglomerate Diameters
RE ion doped nanoparticles are commonly synthesized using high temperature
processes and harsh conditions. Under these circumstances, the nanoparticle may
be stripped of the surface attached ligand which could reduce dispersability within
organic matrices 118, 167. The methanol synthesis in this research was performed at
room temperature (~ 25°C) to ensure ligand attachment and for ease of processing.
The synthesis temperature not only effects the ligand but it is an important factor in
nanocrystal formation 168. Therefore, three different synthesis temperatures were
selected to investigate the effect on particle size and agglomeration.
The three synthesis temperatures selected were 3°C, room temperature (~25°C),
and 50°C. 3°C was selected as the low temperature as the result of being the
cooled nanoparticle suspension temperature before the addition of the PMMA/THF
solution to form the polymer nanocomposite. The middle temperature at 25°C was
based on original nanoparticle methanol synthesis being conducted at room
temperature which was ~25°C. The high temperature at 50°C was chosen due to
the low boiling point of methanol (~ 65°C). Separate methanol syntheses were
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conducted at 3°C, 25°C and 50°C. At each temperature, the pH was adjusted to 8.
As a comparison, three other methanol syntheses were conducted at the above
temperatures where the pH was not adjusted which resulted in a synthesis pH of 3.
Figures 4.6 and 4.5 illustrate the visual difference between the synthesis pH 8 and
pH 3 of the nanoparticle suspensions.

Figure 4.6: pH 8 nanoparticle suspensions in methanol synthesized at different
temperatures (a) under conventional room light and (b) under UV light at a
wavelength of 365 nm
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Figure 4.7: pH 3 nanoparticle suspensions in methanol synthesized at different
temperatures (a) under conventional room light and (b) under UV light at a
wavelength of 365 nm

All the pH 8 samples formed an unstable suspension with agglomerates that were
large enough to be affected by gravity and could be seen visually as sediment at the
bottom of the vial (Figure 4.6). The pH 3 samples at 3°C and 25°C were
transparent but the pH 3 suspension at 50°C produced agglomerates that were also
visibly noticeable at the bottom of the vial as seen in Figure 4.7.
The agglomerate diameter distribution for the pH 3 samples is depicted in Figure
4.8. TEM and HR-TEM images of agglomerates are shown in Figures 4.9 – 4.11 of
the pH 3 samples of methanol synthesis at 3°C, 25°C and 50°C respectively.
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Figure 4.8: Representative histogram of agglomerate diameters in pH 3
nanoparticle suspensions in methanol synthesized at different temperatures

Over 50% of the scattered light intensity caused by the Brownian movement of
particles within the suspension was produced by particles with hydrodynamic
diameters of sizes ~ 100 nm for 3°C, ~ 20 nm for 25°C and ~ 300 nm for 50°C
synthesis temperatures. The average agglomerate diameters for the pH 8 which are
not shown were ~3000 nm for 3°C, ~ 1200 nm for 25°C and ~ 1000 nm for 50°C.
At these evaluated temperatures with the pH adjusted to 8, the agglomerate
diameters were above both the direct ligand and RE ion excitation wavelengths.
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a.
b.
Figure 4.9: (a.) TEM image of agglomerate dispersion and (b.) HR-TEM image
nanocrystals of MeOH synthesized pH 3 suspensions at 3°C

a.
b.
Figure 4.10: (a.) TEM image of agglomerate dispersion and (b.) HR-TEM image
nanocrystals of MeOH synthesized pH 3 suspensions at 25°C
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a.
b.
Figure 4.11: (a.) TEM image of agglomerate dispersion and (b.) HR-TEM image
nanocrystals of MeOH synthesized pH 3 suspensions at 50°C
Agglomeration occurred at each temperature and the overall individual nanocrystal
size remained the same (~ 5 nm) determined from HR-TEM images. This verifies
the findings of Ellerbrock where nanoparticles of 6 ± 1 nm were produced114.
Wang, et al. suggested that there is a balance between the dispersion and
agglomeration for LaF3 nanocrystals where ligand attachment to the surface of the
nanocrystal is a decisive factor 169. Agglomeration was expected for the synthesis
temperatures at 25°C which indicated a bi-modal to tri-modal response in
agglomerate diameter distribution and 50°C which produced a penta-modal
response in agglomerate diameter distribution as illustrated in Figure 4.8. The
increase in size distribution could be the result of the smaller agglomerate
diameters functioning as seeds for the formation of the larger agglomerates 170.
The agglomeration that is illustrated in the TEM images is supported by the work
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of Zhang, et al., who observed that the ligand (citrate) capped gold nanoparticles
formed agglomerates as the reaction temperature was increased. The result of
increasing the reaction temperature is an increased ion mobility where any removal
of the surface attached ions on the nanocrystal would destabilize the repulsive
nature of the nanoparticle resulting in agglomeration 117.
Agglomeration at the reaction temperature of 3°C was expected to be lower as a
result of the lower synthesis temperature compared to 25°C and 50°C. Even at low
temperatures agglomeration can occur. The agglomeration that was observed at
3°C could be explained by the findings of Pingali, et al. They worked with
ruthenium nickel core-shell nanoparticles where they suggested that at low
temperatures entropy is lower. The lower entropy may result in stronger molecular
forces of attraction that may change the surface morphology that favors interaction
between particles producing agglomerates 171.
Affect of pH on Agglomerate Diameters
The histogram of average agglomerate diameters distribution and intensity size
distribution as determined by dynamic light scattering for the particles synthesized
at the various pHs is shown in Figure 4.12. TEM images in Figures 4.13 and 4.14
validate the diameter size difference between agglomerates synthesis at a pH of 3
compared to a pH of 8 respectively.
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Figure 4.12: Representative histogram of agglomerate diameters in various
nanoparticle suspension pH in methanol

Figure 4.13: TEM image of nanoparticles synthesized in methanol at pH of 3

107

Figure 4.14: TEM image of nanoparticles synthesized in methanol at pH of 8
The table in the inset of Figure 4.12 displays the average agglomerate diameters that
represent over 60% of the scattered intensity. The distribution of agglomerate diameters
representd in Figure 4.12 depicts the agglomerate diameters possessing a single mode at
pH 3, moving to a bi-modal distribution at pH 4 – 5 and progressing to a tri-modal
distribution at pH 6 – 8. The increase in agglomeration cooresponds with the increase of
negativily charged ions in the system. These anions could be interacting with the ligand
causing disruptions along the surface of the agglomerate allowing further
agglomeration 172.
The synthesis pH is a factor that effects ionic interaction as charges on the surface groups
(e.g. attached surface ligands or bound solvent molecules) can be varied by altering the
pH. In each of the previous sections, pH was evaluated at 3 and 8 where in every case,
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the samples at pH 8 produce agglomerates greater than 300 nm and the synthesis pH at 3
enabled colloidal stability.
In Figures 4.15 a and b the pH ranged from 3 – 8 from left to right with incremental
increases in each separate vial of 1 pH unit. Figure 4.15a shows the suspension under
conventional lighting and Figure 4.15b displays the luminescence of the nanoparticle
suspensions when excited with UV light at the wavelength of 365 nm.

a.

b.
Figure 4.15: Nanoparticle suspensions in methanol synthesized at pH 3-8 under (a)
conventional room light and (b) under UV light at wavelength equal to 365 nm
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Two trends appear to be a function of pH as it is increased from 3 to 8. One is the
increase in opacity of the suspension. The suspension produced from the synthesis
conducted at pH 3 is visually transparent. A change in transparency is observed between
the samples synthesized at pH 3 and the gradually increasing opacity of the suspension
synthesized at pH 4. The degree of suspension opacity appears to reach equilibrium
between pH 5 – 7. The other trend becomes visually apparent within this range is the
onset of sedimentation at pH 5 (potentially starting at pH 4 with lower accumulation)
which increases with the increase in pH up to 7. Sedimentation is the direct result of
large agglomerates becoming unstable and experiencing the affects of gravity and
eventual settling at the bottom of the vial as depicted in suspensions synthesized at pH ≥
5. The pH 8 sample appears to be more opaque than the other samples while
sedimentation appears to be reduced. This could be a function of the existence of more
agglomerates within the suspension that are not affected by gravity but large enough to
scatter light. Following these trends, it can be assumed that the degree of opacity is
directly related to agglomerate size.
The transparency of the suspension synthesized at pH 4 was observed to gradually
diminish from the top to bottom. The gradient in clarity could be a result of the size
distribution of the agglomerates within the suspension. As seen in Figure 4.2b, the
clearer portion located at the top produce green emissions which may be attributed to the
excitation of agglomerates possessing diameters below the excitation wavelength. The
observed increase in the opaque nature of the suspension from top to bottom could be
attributed to the increase in scattered light via the increase in agglomerate diameter. The
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increase in agglomerate size appears to result in increased opacity at the bottom of the
vial and may have lead to the onset of sedimentation which is visual apparent in the pH
samples from 5 to 8.
Zeta Potential
The particles synthesized in this research displayed positive surface charges as
determined by zeta potential measurements, which measures the degree of repulsion
between adjacent particles having the same charge 173. The positive surface charge can
be counteracted by the addition of a Lewis base which can promote the strengthening of
negative charges leading to colloidal instability. Suspensions with zeta potential values
between +30 mV to -30 mV are considered unstable. Zeta potential values below the red
dotted line in Figure 4.16 indicate values below +30 mV; i.e., unstable suspensions.

Figure 4.16: Zeta potential of ASA:Tb3+:LaF3 synthesized in methanol at various pHs
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The zeta potential measurements verify the visual analysis of potential agglomerate
formation beyond the synthesis pH 3. The average zeta potential value of pH 3 (~100
mV) is three times the value of what is considered to be a stable suspension. At pHs 4 –
6 , the average zeta potential values are approximately 45 mV and fall below the 30 mV
line at pH 7 and 8 with values around 26 mV, respectively.
The change in zeta potential between pH 3 and 4 is attributed to the isoelectric point of
ASA existing around 3.5 174. Below the isoelectric point moieties generally carry a
positive charge and conversely above the isoelectric point the charge group will carry a
negative charge. It has been established that the moieties of polyacids (e.g. ASA) are
affected by changing the pH in the solution 172, 175 as demonstrated by the work Shim, et
al, who verified that increasing the pH from low to high of a solution containing poly(Lglutamic acid) deprotonated the carboxylic acid groups and the acid became
progressively negatively charged 119. In this research, the positively charged ASA
attached to the surface of the nanoparticles at synthesis pH < 3.5 demonstrates that
particles of the same polarity are less likely to interact or aggregate. This is confirmed
experimentally via the zeta potential value of ~ 100 mV which indicates suspension
stability and the visual appearance of the transparent pH 3 suspension. Conversely, as the
pH increases > 3.5, prompting ASA to become progressively negative, the onset of
agglomeration is observed in the gradient opacity observed in pH 4 suspension and the
zeta potential values of pH 4 – 7 are around 37 mV which points to suspension
instability.
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Theoretical Interpretation
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been used to describe
particle-to-particle interaction within an aqueous suspension in order to estimate the
potential of agglomeration in terms of the combined attraction and repulsion forces 176-178.
The prediction of suspension stability is a result of calculating the total particle-toparticle potential (Vtotal) which is the sum of van der Waals attraction (Va), electrostatic
repulsion (Ve) and steric repulsion (Vs) found in Equation 4.1.
!!"!#$ = !! + !! + !!

(4.1)

The modified version of Vtotal stated in Equation 4.1 can be reduced to Equation (4.2) on
the assumption that the steric repulsion contribution due to the ligand would be minimal
as a result of the size (~0.74 nm as determined by Mao, et al., through measuring the
crystal structure length-wise from methyl to the phenyl group) 179.
!!"!#$ = !! + !!

(4.2)

The potentials are normalized by the thermal energy represented by the product of the
Boltzmann’s constant (kB, 1.38 x 10-23 J/K) and temperature in Kelvin (T, 300 K) in order
to understand the possibility of agglomeration based on the relative energetic of energy
wells that exist with different materials 180. The van der Waals and electrostatic repulsion
energies were calculated as a function of the nanoparticle radius (Rc) which is
approximately 2.5 nm as determined from HR-TEM images.
The contribution related to van der Waals potential corresponds to the forces between
dipoles and induced dipoles that are typically short-ranged being integrated over the
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volumes of the interacting particles resulting in an attraction energy that has a longer
range effect 181. Van der Waals interactions are constant between particles immersed in
liquids of different refractive indices and dielectric properties 182. Va was calculated by
equation 4.3 where
!

!! = !!

!

!
! !""

!!!!
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!!!!
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(4.3)

Aeff = effective Hamaker constant
Δss = nanoparticle surface to surface distance
The effective Hamaker constant, Aeff, (Equation 4.4) is a materials constant that depends
on the dielectric properties of the two particles and suspension solvent which allows for
retardation effects 181-183 where
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(4.4)

! ! = dielectric constant of LaF3, 14 at 10 MHz 184
! ! =  dielectric constant of MeOH, 33 at 303 K
!! = refractive index of LaF3, 1.63 185, 186
!! = refractive index of MeOH, 1.32 187, 188
! =  frequency of maximum UV absorption LaF3, at 299 nm ≈ 8.12 x 1015 rad/s
h = Planck’s constant (6.63 x 10-34 J·s)
Retardation effects are accounted by the ! ! function which approaches 1 at the point of
surface-to-surface contact where ! is the dimensionless surface-to-surface distance
relative to the surface-to-surface separation distance, Δss.
! ! ≈ 1+
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The electrostatic component is based on weak overlapping of the electronic double layers
of two particles in suspension where there are no limitations on the surface potential
magnitude and κΔss > 1 which also assumes that the two interacting double layers are
weakly overlapping 181. Equation 4.7 was used to calculate the electrostatic interaction

!! =
Where

!!!! ! ! !! !!! !" !!! !!∆!!
!! !

(4.7)

!! = permittivity of free space
Ψ0 = surface potential, 63 x 10-3 V
κ = comes from the Debye screening thickness (κ-1) where the electric double layer
between the nanocrystals can be estimated from Equation 1.3. The particles synthesized
in methanol at room temperature with an ion concentration of ≈ 0.06 mol/m3 and the
calculated κ-1 ≈ 2.5 nm.
These calculations were done in order to achieve a qualitative understanding of the effect
of particle size and suspension parameters on suspension stability. Figure 4.17 illustrates
the relative potential energies calculated for van der Waals and electrostatic interactions.
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Figure 4.17: Relative potential energies calculated for two equal particles
The electrostatic repulsion represented by the red dashes indicate that only at very small
distances (< 5 nm) would the nanoparticles be able to repel one another due to the major
influence of the van der Waals interaction which are estimated to take affect at distances
> 30 nm. The model indicates that with an attraction force much greater than the
electrostatic repulsive force some level of agglomeration will occur which may help to
explain the possibility of colloidal deposition being a likely cause of agglomeration as
discussed in Chapter 3. It is also assumed based on the sum of the potentials following
the same path as van der Waals interactions that solvent conditions would strongly
influence agglomeration. The experimental data from this research is in agreement with
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the qualitative analysis that solvent conditions are the dominant factors in suspension
stability.
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CHAPTER FIVE
RESULTS AND DISCUSSION:
MELT EXTRUSION MODELING OF AMORPHOUS POLYMERS AND
POLYMER NANOCOMPOSITES
This chapter will focus on the affect of nanoparticle loading on the rheological properties
of PMMA nanocomposites and review the thermal and rheological properties of two
PFCB polymers: biphenylvinyl ether (BPVE) and hexafluoroisopropylidene vinyl ether
(6F). The information gathered from these analyses was used as the input data for a fiber
extrusion simulation model, FiSim. The application of the FiSim software was carried
out in order to produce a viable limited range of process conditions for which fibers could
be melt spun, which would be a convenient approach to nanocomposites polymer optical
fiber.
Nanoparticle Loading of PMMA Nanocomposites
The water synthesis method was chosen as the technique to produce nanoparticles and to
incorporate the nanoparticles into PMMA since this synthetic procedure (Route 1)
allowed the nanoparticle loading level to be predetermined (5%, 10% and 15%). The 5:1
ASA ligand to nanocrystal molar ratio was preferred as it produced agglomerate
diameters within the polymer matrix, determined from the percent intensity distribution,
of around 233 nm as listed in Table 5.1.
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Table 5.1: Agglomerate diameters of ASA ligand capped nanocrystals in PMMA via
nanoparticle synthetic Route 1
Ligand
ASA

Molar Ligand to
Nanocrystal Ratio
2:1
3:1
4:1
5:1

Agglomerate Diameter via
Intensity Percentage (nm)
252 ± 66
420 ± 116
349 ± 85
233 ± 41

Thermal Characterization
Differential Scanning Calorimetry Characterization of Polymer Nanocomposites at
Various Nanoparticle Loading Levels
Depicted in Figure 5.1 are the representative DSC scans of the second thermal pass of the
PMMA nanocomposites at various nanoparticle loading levels. The inflection point (I) of
the DSC scan from the second pass is referred to as the glass transition temperature, Tg.
The average of two sample runs is stated as the Tg for each polymer sample. The onset of
the glass transition temperature range (temperature located on the far left), the change in
heat capacity, ΔCp (located underneath the Tg (I)) and the offset temperature of the Tg
range (located on the far right) were determined for undoped PMMA and PMMA
nanocomposites.
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Figure 5.1: Glass transition temperature analysis of PMMA nanocomposites at various
nanoparticle loadings after quenching
There was no observable change in Tg between the undoped PMMA and the three
different nanoparticle loading levels of the PMMA composites. A slight decrease is
observed in the change in heat capacity as the nanoparticle loading level increases. This
phenomenon could be the result of the rigid amorphous fraction (RAF) component of the
nanoparticles incorporated into the polymer matrix as discussed in the section entitled
Differential Scanning Calorimetry Characterization of Polymer Nanocomposites of
Chapter 3. The calculated RAF values obtained from Equation 3.1 for the 5%, 10% and
15% loaded nanocomposites were 7%, 6% and 5% respectively. The master batch of the
5:1 ASA ligand to nanocrystal molar ratio had a calculated RAF component of 4%.
!"# = 1 − !"#$ − ∆!!!"# ∆!!!"
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(3.1)

The observed minor decrease in the change in heat capacity could be attributed to the
small contribution of the RAF component for each sample loading. As discussed in
Chapter 3 and confirmed here, the change in heat capacity from the RAF component did
not produce a significant change in the glass transition temperature.
Thermogravimetric Analysis of Polymer Nanocomposites at Various Nanoparticle
Loading Levels
Illustrated in Figure 5.2 are the thermograms for the temperature range of 25 to 500°C
with the enhanced view of the temperature range of 360 – 500°C (magnified to show
nanoparticle loading, inorganic material remaining, measured at 495°C) displayed in
Figure 5.3.

Figure 5.2: Representative TGA scans of PMMA nanocomposites at various nanoparticle
loading levels and undoped PMMA
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Figure 5:3: Enhanced region from Figure 5.2: Representative TGA scans of PMMA
nanocomposites at various nanoparticle loading levels and undoped PMMA, mass
remaining analyzed at 495°C
The extrapolated onset of degradation and mass loss at 250°C was measured to compare
to undoped PMMA. A slight increase in the onset and offset of degradation temperatures
was observed for each nanocomposite compared to undoped PMMA. The mass loss at
250°C was below 1% for all nanoparticle loading samples as illustrated in Figure 5.2.
This very small mass loss at 250°C as stated in section 3.5 could be the result of volatiles
(e.g. water) not being totally removed after the drying step.
The Tg and nanoparticle loading of the PMMA nanocomposites obtained from DSC and
TGA are presented in Table 5.2. As stated above and listed in Table 5.2, the Tg values
were consistent between undoped PMMA and the PMMA nanocomposites. The
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experimentally-measured nanocrystal loadings were comparable to the calculated loading
levels listed in Table 5.2.
Table 5.2: Percent loadings and glass transition temperature of ligand capped
nanocrystals in PMMA
Calculated
Loading/Sample
5%
10%
15%
undoped PMMA
precipitated

Inflection Point Tg,
°C
120
119
119

Experimental
Loading
6%
10%
15%
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0%

Agglomerate Size Characterization
Table 5.1 shows the percent intensity distribution of the agglomerate diameters for the
molar ligand to nanocrystal ratio of 5:1 to be 233 ± 41 nm. The 5:1 ratio was used as the
stock nanoparticle component to produce the PMMA nanocomposites at 5, 10 and 15%
nanoparticle loadings. Listed in Table 5.3 are the average agglomerate diameters for the
three loading levels.
Table 5.3: Agglomerate diameters and complex viscosity percent difference of various
nanoparticle loadings in PMMA
Agglomerate
Diameter via
Intensity
Complex Viscosity
Loading
Percentage (nm)
Percent Difference
167 ± 36
5%
34%
243 ± 10
10%
72%
204 ± 68
15%
59%
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The distributions of the agglomerate diameters for all the nanocomposites fall within the
distribution range of the stock nanoparticle system. Over 70% of the scattered light
intensity was attributed to the average agglomerate diameters that were approximately
167 nm (5%), 204 nm (15%) and 243 nm (15%) for the three loadings. There was no
observed difference in the diameters between 15% and 5% samples and 15% and 10%
samples.
Rheological Characterization
Viscosity measurements were made by evaluating the relationship between complex
viscosity and frequency. The relationship of complex viscosity to frequency is
representative of the shear viscosity versus shear rate based on the Cox-Merz rule which
states that the magnitudes of complex and shear viscosity data can be compared at equal
values of frequency and shear rate 105. Figure 5.4 shows the measured complex viscosity
with varying frequency for undoped PMMA and the PMMA nanocomposites.
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Figure 5.4: Complex viscosity as a function of frequency at 220°C for undoped PMMA
and PMMA nanocomposites with varying nanoparticle loading levels
All of the samples exhibited traditional shear thinning behavior with Newtonian fluid
behavior occurring at low frequencies and shear thinning behavior occurring at higher
frequencies in a similar manner to the undoped PMMA. The incorporation of
nanoparticles caused a reduction in the viscosity of the PMMA nanocomposites for all
the loadings studied compared to the undoped PMMA as seen in Figure 5.4. These lower
viscosities could be the result of the agglomerates ability to disrupt the molecular
infrastructure and could be attributed to a small decrease of polymer molecular
entanglement density as a function of the high aspect ratio of the agglomerates causing
disruption to the polymer chain entangled network 147. Hatzikiriakos, et al., observed a
reduction in the viscosity measurements of linear low-density polyethylene with the
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addition of nanoclays with an onium ion organic modifier from which they concluded
that the disruptions (nanoparticles) allowed for easier chain movement hence lowering
the viscosity. Therefore, the agglomerates may act as transient lubricants which could
lead to a lower of the processing temperature profile for melt extrusion 189, 190.
The calculated values of percent difference of the average complex viscosity at the
temperature of 220°C and frequency of 10 rad/s between the undoped PMMA and the
PMMA nanocomposites are displayed in Table 5.3. The percent difference of the
average complex viscosity follows the same trend as the average size of the agglomerate
diameter for each nanoparticle loading amount. The 5% nanoparticle loaded PMMA
nanocomposite had agglomerate diameters that were ~ 167 nm. A 37% reduction in
average complex viscosity compared to the undoped PMMA viscosity measurement was
observed for the 5% nanoparticle loaded sample. The PMMA nanocomposite loaded
with15% nanoparticles contained agglomerate diameters ~ 204 nm that yielded 59%
reduction to the average complex viscosity compared to that of undoped PMMA. The
largest complex viscosity reduction was seen for the 10% nanoparticle loaded PMMA
nanocomposite with a 72% reduction compared to undoped PMMA. The average
agglomerate diameter for this sample was ~243 nm. For the polymer nanocomposite
studied, an approximate change in the agglomerate diameters of 40 nm produced a
change in the average complex viscosity which was close to 20%. Smaller agglomerates
may exhibit a strong influence on the viscosity as a result of the effective solids loading
being increased in the polymer nanocomposite melt as a result of the decrease in particle
diameter which subsequently increases the RAF component 191. This is confirmed by the
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smaller agglomerate diameters in the 5% loading polymer nanocomposite sample of ~
167 nm with a RAF of 7% compared to the > 200 nm agglomerate diameters of the other
samples with RAF values below 6%.
The percent difference of the PMMA nanocomposite viscosity profiles compared to the
undoped PMMA decreased in accordance with a decrease in the average agglomerate
diameter. This relationship between agglomerate size and viscosity decrease could be
attributed to the application of shear forces on the agglomerates within the polymer
matrix. Shear forces are common during oscillatory testing which represents part of the
environment that the polymer nanocomposite would encounter within a melt extruder.
Smaller agglomerates within melt suspensions are affected by Brownian motion longer
under shear forces. When compared to larger sized agglomerates, higher shear rates for
smaller sized agglomerates are needed to produce the same amount of shear thinning 192.
Perfluorocyclobutyl Aryl Ethers
Empirical Characterization of PMMA, BPVE and 6F
An empirical characterization of Tg was undertaken for BPVE and 6F in order to create a
baseline with which to compare the data with PMMA. Table 5.4 lists the accepted
values, experimental values and the calculated values of Tg for comparisons. The
accepted value of Tg for PMMA was obtained from the Polymers Handbook: Third
Edition 193. The experimental values stated in the table represent the average of two runs
using a Universal TA Instruments – 2920 MDSC V2.6A as stated in Chapter 2.
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Table 5.4: Glass transition temperatures in degrees Celsius for PMMA, BPVE, and 6F
Van
Accepted Experimental Krevelen Bicerano Askadskii
Polymers Values
Values
Method Method
Method
PMMA 104-105
108
104
82
104
BPVE
?
146
NA
189
223
6F
?
120
NA
132
NA

The Van Krevelen method was unable to calculate the glass transition temperature for
BPVE and 6F. The Askadskii method was unable to calculate the glass transition
temperature for 6F. This inability to calculate a value of both methods may be attributed
to them both being based on the group contribution approach where extensive amounts of
experimental data for a given property must be gained to derive reliable values for the
contributions of the molecular fragments to that property 194. The software package at the
time of this research was unable to predict the property because the additive contribution
of the molecular structures of BPVE and 6F could not be estimated.
The Tg value for BPVE as calculated by the Askadskii method was much greater than the
experimental value. The increase in the calculated value may be the result of the role of
molecular interactions which are factors in the Askadskii method. Calculations are made
within the Askadskii method to derive numerical values for the molecular interaction
constants for each element and type of molecular interaction 195. The results of the
calculations could produce high or low glass transition temperature values as a result of a
lack of information on the molecular interactions of the polymer.
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The Bicerano method was the only empirical method that possessed the capability to
calculate Tg for both BPVE and 6F. The calculated Tg values for both polymers were
greater than the experimental values for the PFCBs (146°C for BPVE and 120°C for 6F).
However, if more refined correlations become available for PFCBs based on
experimental data or tables of group contributions, the findings may lead to the predicted
values becoming more comparable to the experimental values 194.
Thermal Analysis of PFCBs
Differential Scanning Calorimetry Characterization of BPVE and 6F
The experimental values for Tg were measured using DSC. Representative DSC scans
before and after quench cooling are depicted in Figures 5.5 and 5.6 for BPVE and 6F
respectively.

Figure 5.5: Representative DSC scans of BPVE before (green) and after quenching (red)
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Figure 5.6: Representative DSC scans of 6F before (green) and after quenching (red)
For each “as received” PFCB polymer an endothermic peak is observed in the Tg region
as a result of physical aging as described by Struik 196. In the aging process, polymer
attempt to establish equilibrium by a decrease in enthalpy of the glass with aging time.
When analyzed by DSC, a characteristic endothermic ‘aging’ peak is observed as the
polymer molecules reabsorb energy lost during the enthalpic relaxation process. In order
to erase the thermal history of the PFCBs, the polymers were heated above their flow
temperature and rapidly quenched. PFCB samples were then rerun on the DSC in order
to obtain non-aged Tg values for the polymers.
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Mass Loss Characterization 6F and BPVE
Representative TGA thermograms of 6F and BPVE are shown in Figures 5.7-5.10. The
thermal behavior of the polymer nanocomposites was evaluated from 25 to 1200°C at a
constant heating rate of 10°C/minute under nitrogen at a flow rate of 40 ml per minute.

Figure 5.7: TGA scans of 6F in nitrogen first pass to 200°C (green line) and second pass
to 1200°C with percent mass loss at 1200°C and onset of degradation analysis
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Figure 5.8: Enhanced region from Figure 5.7: TGA scans of 6F in nitrogen first pass to
200°C (green line) and second pass to 1200°C, percent mass loss at 200°C

Figure 5.9: TGA scans of BPVE first pass to 200°C (green line) and second pass to
1200°C with percent mass loss at 1200°C and onset of degradation analysis
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Figure 5.10: Enhanced region from Figure 5.9: TGA scans of BPVE in nitrogen first
pass to 200°C (green line) and second pass to 1200°C, percent mass loss at 200°C

The extrapolated onset of degradation temperature and mass loss at 1200°C was
measured at ~ 466°C and 91% respectively for 6F as indicated in Figure 5.7. 6F also
experienced a start up mass loss of 1.48% which is shown in Figure 5.6. An enhanced
view is provided in Figure 5.7 where the second run produced a mass loss at 200°C of
0.30%. BPVE measured mass loss at 1200°C was 68% and the extrapolated onset of
degradation temperature was observed at ~ 465°C which is illustrated in Figure 5.8. The
initial mass loss at 200°C for BPVE was measured to be approximately 0.5% and the
second run mass loss was observed to be around 0.4% which as shown in Figure 5.9.
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Start Up Mass Loss Analysis 6F and BPVE
A noticeable difference existed in the percent mass loss between the first and second
TGA runs of both PFCB polymers. A multiple run scenario was conducted in order to
determine if degradation was occurring. An indication of polymer degradation would
exist if the mass loss continued and did not stabilize after multiple runs. Figures 5.11 and
5.12 illustrate the thermograms that produce the multiple runs where both polymers
stabilized after the initial start up run.

Figure 5.11: Thermograms of 6F to evaluate initial percent mass loss
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Figure 5.12: Thermograms of BPVE to evaluate initial percent mass loss
The initial run characterized by the green plot in both cases indicated a mass loss of
1.12% and 0.55% for 6F and BPVE respectively. The mass loss is consistent at
approximately 0.4% by the third run indicated by the purple colored line. The
consistency of the mass loss is thought to be attributed to the absorption of moisture from
the air when the sample was removed from the instrument and not associated with the
mass loss of the polymer (i.e. polymer degradation).
Thermogravimetric Mass Spectrometer Analysis PFCB polymers
The initial mass loss for the PFCB polymers may present an issue for melt extrusion
processing. Most melt extruded polymers lose only a fraction of a percent at the
processing temperature regimes. The temperature where the polymers were experiencing
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the mass loss (200°C ± 20°C) was projected to be in the middle of the anticipated
processing temperature range.
The other point of concern with the mass loss was in determination of the volatile species
being released from the polymer. The use of a thermogravimetric mass
spectrophotometer was instrumental in making this determination. The TG/MS profiles
for 6F and BPVE are similar with no significant differences in peak heights or
arrangements, so only the profile of 6F is shown to represent both polymers. Figure 5.13
displays three scans from the TG/MS on the right at the approximate hypothesized melt
extrusion processing temperatures. Expected peaks from the scans would be associated
to the environment (nitrogen) and peaks which would start at the point of degradation
around 380 °C. The peaks labeled 1a and 1b represent nitrogen (the environment) and
the peak labeled 2 represents water. The water contribution could be attributed to the
polymer absorbing or trapping moisture in its structure, which is uncommon for
fluorinated polymers.
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Figure 5.13: Representative TG/MS scans of PFCBs (right) with hexane mass
spectroscopy analysis (left) 197
The blue encircled regions in Figure 5.12 correspond to the major points of interest on the
TGA/MS scans. The molecular composition that exhibited the detected mass spectra
(encircled regions) was hexane. The existence of hexane in the polymer was not
expected, but after communications with the manufacturer (Tetramer Technologies, LLC)
it was found that hexane was used in the manufacturing process where it is added at the
end of the polymer synthesis to purify polymer by extract residual impurities and was not
removed.
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Rheological Characterization PMMA, BPVE and 6F
Figure 5.14 displays the experimental plots of complex viscosity versus frequency for
PMMA, BPVE and 6F at 220°C in the frequency range of 0.1 to 500 rad/s. The
apparatus setup and procedure for PMMA and BPVE are stated in Chapter 2. The 6F
samples experienced low torque issues when the viscosity was measured with the ARES
LS/M 0012701 Rheometer; therefore, measurements were performed with a TA
Instruments AR2000 Rheometer with TA Orchestrator version 7.1.2.3 software. The
dynamic frequency sweep tests on the AR2000 Rheometer were conducted under
nitrogen at a frequency range of 0.1 to 500 rad/s with the strain control set at 5%,
utilizing parallel plate geometry that had diameters of 20 mm with the nominal gap
setting of 0.5 mm.

Figure 5.14: Complex viscosity as a function of frequency at 220°C for undoped
PMMA, BPVE and 6F
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The plots for PMMA and BPVE at 220°C which are illustrated in Figure 5.13 indicate the
expected fluid performance of a polymer where the transition from Newtonian behavior
around 0.1 rad/s to shear thinning behavior occurs at higher frequencies. The viscosity
profiles for PMMA and BPVE were comparable but BPVE demonstrated very little
Newtonian behavior before transitioning to shear thinning behavior, unlike PMMA.
The measured viscosity at 220°C for 6F was under 1000 Pa·s where the profile exhibited
a valley before the viscosity began to increase with higher frequencies. The melt
viscosity of 6F was very low and the frequency dependence exhibited by 6F was very
different when compared to the other polymers. From these results, it was determined
that 6F would not be suitable for melt extrusion.
Fiber Simulation
The fiber simulation software package (FiSim) is a MATLAB program used to fit
viscosity versus frequency data to the Carreau model, given in equation (5.2), where η(T)
is the viscosity value at a given temperature, T is temperature in Celsius degrees, γ& is the
frequency (shear rate), n is the power law exponent and λc is the relaxation time.

[

2

η(T ) = η0 (T ) 1 + (λ c γ )

n −1
2

]

(5.2)

The Carreau model was used to depict the bend region of the strain rate curve for
viscosity and to extrapolate the zero-shear-rate viscosity values, η0(T), at each
temperature. The set of parameters (η 0(T), λc, and n) is found for each temperature in
order to fit η 0(T) into the Arrhenius equation (5.3):

η0 (T) = Ae

B
T + 273
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(5.3)

where A and B represent fitting constants. With the values for A and B in the Arrhenius
fit, the calculated zero-shear-rate viscosity was determined as a function of temperature.
The application of the Arrhenius equation is based on the assumption that viscosity obeys
the temperature dependence of a rate constant in the form of what is written in equation
(5.3).
Carreau Fits
Viscosity data was measured at three different temperatures for the PMMA
nanocomoposites, undoped PMMA, BPVE and 6F where complex viscosity values were
in the frequency range of 0.1 to 500 rad/s for undoped PMMA, PMMA nanocomposites,
and 6F and 0.01 to 500 rad/s for BPVE. The higher starting frequency used for the
samples containing PMMA was a result of the initial high torque values produced at
different temperatures. For 6F, the estimated low torque values measured at the initial
lower frequency were out of the instruments range which necessitated the use of the
AR2000 Rheometer which was discussed previously. In the case of 6F, the AR2000
Rheometer verified the low viscosity values estimated by ARES LS/M 0012701
Rheometer where the values indicate that the polymer is not conducive to melt extrusion.
The experimental viscosity values for undoped PMMA, BPVE, and PMMA
nanocomposites are plotted together with values obtained from the Carreau fits as
illustrated in Figures 5.15 – 5.20 respectively. The corresponding symbols (“

”, “ ”,

“ ”, and “ ”) represent the data points from the experimental dynamic frequency sweep
viscosity tests at the different temperatures and the lines denote the Carreau simulation.
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Figure 5.15: Carreau model fits for viscosity versus frequency for undoped PMMA
Undoped PMMA for all temperatures exhibited typical Newtonian behavior at low
frequencies around 0.1 rad/s with gradual transition to shear thinning behavior at higher
frequencies (> 1 rad/s). This PMMA profile was considered the accepted behavior
profile for melt viscosity in this research. The sample values for undoped PMMA were
observed to compare well with the Carreau fit.
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Figure 5.16: Carreau model fits for viscosity (Pa·s) versus frequency (rad/s) for BPVE
Figure 5.16 displays the Carreau model fits along with the complex viscosities versus
frequency plots for BPVE. BPVE at 180°C and 200°C showed an increase in viscosity at
low frequencies in the frequency region between 0.01 – 0.1 rad/s which could be the
result of incomplete polymer melting at these temperature settings. A slight increase in
viscosity is possible if the polymer is not completely melted until the increase in
frequency effects the polymer behavior to perform like a shear thinning fluid. The rise in
viscosity of BPVE at the low frequency range could not be compensated for within the
model; therefore, the simulations appear to be very different from the experimental data.
The 220°C viscosity profile of BPVE was closer to the common shear thinning profile of
a polymer as stated above.

142

Depicted in Figures 5.17 – 5.19 are the experimental viscosity and Carreau fit values for
the PMMA nanocomposites with 5, 10 and15% nanoparticle loadings respectivley.

Figure 5.17: Carreau model fits for viscosity (Pa·s) versus frequency (rad/s) for PMMA
nanocomposite with a 5% nanoparticle loading

Figure 5.18: Carreau model fits for viscosity (Pa·s) versus frequency (rad/s) for PMMA
nanocomposite with a 10% nanoparticle loading
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Figure 5.19: Carreau model fits for viscosity (Pa·s) versus frequency (rad/s) for PMMA
nanocomposite with a 15% nanoparticle loading
The PMMA nanocompsites with 5% and 15% loadings share similar trends for all three
temperature settings. The experimental plot depicting the viscosity at a setting of 200°C
for the 5% and 15% as well as the 10% loading samples at 200°C and 220°C illustrated a
sharp shift from Newtonian to shear thinning behavior. The slope at these temperatures
of the viscosity curves may correspond to the spatial arrangement of the nanoparticles. If
the nanoparticles form strings or layers, then they move past one another easier, thus
reducing the complex viscosity with the increase in frequency. The viscosity of 5% and
15% nanocomposites at 220°C produced the expected Newtonian behavior at low
frequencies with gradual shift to shear thinning behavior at higher frequencies. However
at 240°C for all loadings, shear thinning was observed at low frequencies which then
exhibited a plateau before shear thinning at high frequencies. This low frequency shear
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thinning could be attributed to colloidal factors (shape, separation, surface, size, and size
distribution) dictating the dispersion of the agglomerates for the viscosity profile at the
240°C 192. The size of the nanoparticles/agglomerates may facilitate the initial shear
thinning. As the frequency is increased the partial fragmentation of large agglomerates
into smaller ones may begin to increase the viscosity but at higher frequencies
hydrodynamic forces dictate the viscosity characteristics 192. At this point, a plateau in
viscosity may occur and eventually shear thinning will continue at higher frequencies.
For all three loadings, the sample values were able to produce correlated values from the
Carreau fit model.
FiSim Results
Table 5.5 contains the input data for FiSim. The characteristic density for the PFCBs was
provided by the manufacture and experimentally as outlined in Chapter 2 for PMMA and
PMMA nanocomposites. The glass transition temperature and Cp for samples were
obtained experimentally as outline in Chapter 2. The melt shear modulus was determined
by the viscosity value at 0.1 rad/s from the viscosity versus frequency plots at 220°C for
each sample. The process parameters were selected based on extrusion runs conducted
on a motor driven single screw polymer melt extruder manufactured by Alex James &
Associates, Greenville, SC.

145

Table 5.5: Input data for FiSim

Characteristic Density (g/cm³)
Surface Tension (N/m)
Melt Shear Modulus (Pa)
Glass Transition
Temperature (°C)
Heat Capacity (cal/g °C)
Process Parameters
Extrusion Temperature (°C)

Undoped
PMMA

5%
NPPMMA

10%
NPPMMA

15%
NPPMMA

BPVE

6F

0.9
0.0289
46000

1.1
0.0289
34000

1.1
0.0289
15000

1.2
0.0289
22000

1.5
0.0226
35000

1.5
0.0226
940

122
0.35

120
0.39

119
0.33

119
0.32

146
0.42

120
0.33

220

250

Takeup Velocity (m/min)

2.5
25
4
1000

Capillary Diameter (micron)

1000

Mass Flowrate (g/min)
Quench Temperature (°C )
Takeup Length (m)

The fitting constants A and B values calculated from Equation 5.3 as determined by
FiSim that were able to produce a virtual fiber are listed in Table 5.6.
Table 5.6: The fitting constants for polymers and polymer nanocomposites
A (Pa · s)
B (K)
Undoped PMMA
6.46E-11 1.57E+04
5% NP loading:PMMA
1.08E-12 1.75E+04
10% NP loading:PMMA
1.59E-18 2.38E+04
15% NP loading:PMMA
1.52E-10 1.49E+04
BPVE
2.27E-10 1.48E+04
FiSim was able to generate virtual melt spun fibers for undoped PMMA, PMMA
nanocomposites and BPVE. The simulation was not able to produce a successful virtual
fiber from 6F which corresponds with the viscosity performance of polymer.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Light-emitting PMMA nanocomposites were produced via solution/precipitation
chemistry using ligand capped nanocrystals doped with Tb3+ ions. Two nanocomposite
synthesis routes were evaluated where solvent in Route 1 was water and in Route 2
methanol. The organic ligand (ASA and PA) and the inorganic nanocrystal (Tb3+:LaF3)
in the PMMA matrix was verified by ATR-FTIR spectroscopy, EDX and TGA analyses.
PMMA nanocomposites produced with PA capped nanoparticles via synthesis Routes 1
and 2 exhibited absorption peaks that were not present in undoped PMMA. These peaks
represented C-O stretching of the formed anion and the stretching vibrations of C-C
bonds in the pyridine ring. For all the polymer nanocomposites loaded with ASA surface
treated nanocrystals, C-H bond stretching of the aromatic ring structure produced
absorption peaks that were not present in undoped PMMA.
The EDX analysis confirmed the presents of Tb3+, La3+, and F in the doped nanocrystals
of all of the polymer nanocomposites.
Thermogravimetric analysis of PMMA nanocomposites with ASA:Tb3+:LaF3 synthesized
via Route 1 contained ~ 10 wt% inorganic material; whereas the PA:Tb3+:LaF3
nanoparticle nanocomposites contained approximately 7 wt% inorganic material. The
methanol synthesized systems (Route 2) of PMMA:ASA and PMMA:PA produced
nanoparticle loadings in the range of 8% to 33%.
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Minor changes were observed in the mass loss at 250°C, extrapolated	
  onset and offsets of
degradation for each polymer nanocomposite loaded with ASA:NCs and PA:NCs
produced by the route 1 synthesis (water). Nanocomposites composed of nanoparticles
synthesized in MeOH produced comparatively lower extrapolated onset temperatures of
degradation than undoped PMMA. The lower degradation temperatures of the PMMA
nanocomposites may suggest the breaking of weak linkages between the polymer and
ligand that is attached to the nanoparticle.
No significant change in Tg was observed between the undoped PMMA and PMMA
nanocomposites via synthesis Routes 1 and 2. However a difference was observed in
ΔCp from the DSC scans of the PMMA:PA:NCs (Route 2 synthesis) compared to
undoped PMMA. The incorporation of the nanoparticles in the polymer matrix may have
lead to a decrease in molecular entanglement density as a result the high aspect ratio of
the nanoparticles. There is also the possibility that the introduction of the nanoparticles
caused a disruption to the polymer chain entangled network which facilitated chain
movement. The rigid amorphous fraction was calculated to understand the portion of the
coordinated polymer chain movements that were not contributing to the change in heat
capacity at the glass transition for PMMA:PA:NCs.
Nanoparticles synthesized in methanol should produce nanoparticles with a lower
electrical double layer between the particles than those produced in water based on the
dielectric constant of methanol being lower than water resulting in attraction and
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therefore greater agglomeration. However this was not observed and methanol
synthesized nanoparticles produced smaller agglomerate diameters.
The nanoparticles synthesized at pH 3 with a molar ligand to nanocrystal ratio of less
than 2:1 produced agglomerate sizes below the direct ligand excitation wavelength of 276
nm. Nanoparticles synthesized in methanol had a positive surface charge and at pH 3 the
suspension was transparent. A visual change in the suspension became apparent at pH 4.
Synthesis conducted at pH 4 or higher produced agglomerates greater than 250 nm in
diameter.
At pH 3 over 50% of the scattered light intensity caused by the Brownian movement of
particles was produced by particles with hydrodynamic diameters of ~ 100 nm, ~ 20 nm
and ~ 300 nm at synthesis temperatures of 3°C, 25°C and 50°C respectively.
Green light emissions were produced by direct ion and ligand excitation of ASA and PA
PMMA nanocomposite doped with terbium. All emission spectra exhibited the
corresponding characteristic emission of trivalent terbium.
The effect of nanoparticle loading levels was examined to determine the effect on thermal
and rheological performance of the nanocomposite. There was no observable change in
Tg between the undoped PMMA and the nanoparticle loaded PMMA samples. A minor
increase in the onset and offset of degradation temperatures was observed for the
nanocomposites compared to undoped PMMA. However, the mass loss at 250°C was
below 1% for all nanoparticle loading samples and as such was within commonly
accepted limits.
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The rheology measurements for all nanoparticle loaded samples produced typical shear
thinning curves. The addition of the nanoparticles caused a reduction in the viscosity of
all PMMA nanocomposites compared to undoped PMMA.
An empirical evaluation of BPVE and 6F was conducted in order to understand the
potential properties of both PFCBs. The glass transition temperature was the property of
focus. The empirical modeling had very limited success in predicting the glass transition
temperatures for BPVE and 6F. The experimental Tg values of BPVE (146°C) and 6F
(120°C) were lower than the empirical values calculated of 189°C and 132°C
respectively. As more complex polymer structures like BPVE and 6F are created in order
to fit the needs of advanced engineered applications, limitations of the empirical methods
prevent some properties from being predicted or predicted values generated are not
comparable to the values found experimentally.
The thermal characterization for both PFCB polymers indicated an initial mass loss of the
polymers during a heating cycle up to 200°C. This loss of mass was on the order of 1-2%
of the total and only occurred at the initial startup, which indicated that the polymers
were not breaking down. This observed mass loss was attributed to the release of hexane
trapped in the polymer as a result of the purification technique used in synthesis.
The melt viscosity profile of the PMMA nanocomposites of varying loading levels and
BPVE were similar to undoped PMMA. The viscosity performance of 6F at the
temperature regimes in this research was very low; therefore, melt extrusion may not be a
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good vehicle to produce products from 6F unless the homopolymer was utilized as a
plasticizer.
FiSim was able to simulate virtual fibers from undoped PMMA, PMMA nanocomposites
of varying loading levels and BPVE but not 6F. Potentially, the parameters used in the
model would be the starting point for the actual parameters implemented in an industrial
extrusion process.
This research provides important information on the interaction between nanoparticles
and PMMA, as well as the thermal and rheological characteristics of PFCBs for potential
use in optical applications and melt extrusion, respectively. During the course of this
research, I also developed a fundamental understanding of how the synthesis and surface
chemistry of the nanoparticles interact with the nature of the ligand within the polymer
matrix.
Recommendations for Future Work
Further studies based on the results obtained in this research should be conducted to
advance the production of polymer nanocomposites via solution/precipitation chemistry
using ligand capped nanocrystals doped with rare-earth ions. Also, the feasibility of
producing operational optical material from the polymer nanocomposites should be
explored. The following recommendations are to aid in understanding optically active
nanoparticle synthesis for polymer nanocomposites:
1. Examine the use of other amorphous polymers, synthesis solvents,
inorganic crystals and RE ions.
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2. Select ligands composed of longer chain molecules and predict plus
compare their effect on steric repulsion as a factor in the formation of
agglomerates.
3. Analyze the affect of higher molar ligand to nanocrystal ratios on the
agglomeration, viscosity and thermal behavior of the nanocomposites.
4. Assess the magnetic nature of the nanoparticles produced by the synthesis
techniques described in this research.
5. Evaluate the use rheological data of polymer nanocomposites in
phenomenological models for melt fiber spinning simulations.
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APPENDIX
PHOTOLUMINESCENCE FROM POLYMER NANOCOMPOSITES WITH
DIFFERING MOLAR LIGAND TO NANOCRYSTAL RATIOS
Absorption Spectroscopy
Depicted in Figure A.1 is a representative absorption spectra of the ASA ligand (blue),
Tb(NO3)3·6H2O (green), and Tb3+:LaF3 (red).

Figure A.1: Absorption spectra of ASA (blue) ligand, Tb(NO3)3·6H2O (green) and
Tb3+:LaF3 (red)
The direct ligand excitation wavelength was determined by evaluating the UV absorption
peak of ASA. The main absorption peak for the ASA ligand in methanol was observed at
approximately 276 nm. The blue line with the mid center peak of 276 nm in Figure A.1
represents the broad absorption peak of ASA ligand that corresponds to the characteristic
absorption of π – π* transition of the benzene ring 120, 198. The value of 276 nm was used
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as the ligand excitation wavelength to evaluate the energy transfer of the ligand to the RE
ion. The peak value located at 340 nm for the Tb(NO3)3·6H2O and Tb3+:LaF3
respectively corresponds 7F6→5GJ ground state absorptions of the Tb3+ ion.
The UV absorption of Tb3+ is discrete upon excitation 31. The characteristic excitation
and emission spectra for Tb3+ doped LaF3 are shown in Figure A.2.

Figure A.2: Characteristic (a) excitation spectrum (λem = 542 nm) and (b) emission
spectrum (λex = 375 nm) with peaks of Tb3+:LaF3 45
Figure A.2a is the excitation spectrum of Tb3+:LaF3 which demonstrates the presence of
peaks within the UV region that are representative of 7F6→5D3, 7F6→5GJ and 7F6→5L6
ground state absorptions of theTb3+ ion 45. The peak located at 350 nm is observed to

154

have the highest intensity; therefore, will be used for direct ion excitation (excitation
wavelength, λex) of terbium to produce emissions.
The characteristic Tb3+ emission peaks that occur within the visible region are at
wavelengths of 490, 543, 585, and 621 nm and coincide with 5D4→7F6, 5D4→7F5,
5

D4→7F4, and 5D4→7F3 transitions, respectively, when terbium is excited at 350 nm; see

Figure A.2b. The most intense emission band was observed at 543 nm where green light
is emitted.

Figure A.3: Excitation spectra (Lorentzian fitted) for Tb3+ (red) and ASA (blue) with
emission wavelength held at 540 nm
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The excitation spectra at the 540 nm emission wavelength of Tb3+ and ASA with
Lorentzian fit are displayed in Figure A.3. The bands of Tb3+ (red line) in the range from
280 to 400 nm are the result of 4f–4f transitions and are associated with 7F6 -5D3, 7F6-5GJ
and 7F6-5L6 transitions of Tb3+ ions. The ligand UV excitation band overlapping the
excitation spectra of Tb3+ indicates that the excitation energy should be transferred from
the ligand to the lanthanide ions 161.

Figure A.4: Excitation spectra for Tb3+ (red), ASA (blue) and ASA:Tb3+:LaF3 (green)
normalized at 354 nm with emission wavelength held at 540 nm.
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Figure A.4 displays the excitation spectra at the 540 nm emission wavelength of
ASA:Tb3+ :LaF3, Tb3+ and ASA normalized at 354 nm.
Photoluminescence Spectroscopy
If direct ligand excitation results in the characteristic emissions of the RE ion, then the
ion is considered to have been effectively sensitized due to the energy transfer from the
ligand to the RE ion 199. Analysis of the UV-Vis spectra (Figure A.1) of the ligand
suggests that the direct ligand excitation wavelength for ASA is 276 nm.
Direct excitation of Tb3+ (350 nm) and ligand excitation (276 nm) were evaluated, Figure
A.5, the nanocomposites exhibited the characteristic Tb3+ emission peaks under direct ion
and ligand excitation. The emissions spectra for the nanoparticle loaded polymer
(PMMA:ASA:Tb3+:LaF3) upon direct ion and ligand excitation exhibited characteristic
Tb3+ emissions at 490, 543, 585, and 621 nm corresponding to the 5D4→7F6, 5D4→7F5,
5

D4→7F4, and 5D4→7F3 transitions. Successful energy transfer from the ligand to the RE

ion is validated by the excitation of the ligand and resulting characteristic emissions from
the Tb3+.
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a.

b.
Figure A.5: (a) Direct ion excitation at 350 nm and (b) direct ligand excitation at 276 nm
of PMMA:ASA:Tb3+:LaF3 nanocomposites synthesized in water (blue dotted line) and in
methanol (green solid line)
There was no significant difference observed from the spectra obtained for terbium
emission regardless of the synthesis solvent used. One application for these polymer
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nanocomposites is photonic devices where organic dyes have been used as the optically
active material. Organic dyes produce broad emission spectra (FWHM = 50 – 200 nm)
where narrow emission spectra (FWHM < 5 nm) are generally preferred 200 for improving
color saturation in various light-emission applications such as displays and fashion
brightness 201. The photoluminescence of the polymer nanocomposites synthesized in
both solvents was measured by normalizing the spectra at 543 nm and applying
Lorentzian fits. The choice of the 543 nm peak as the normalizing peak was in
accordance with the 5D4→7F5 transition exhibiting a strong magnetic dipole nature which
may correlate to the transition experiencing limit effects by changes in the
environment 90. The FWHM at the 490 nm emission peak was computed. The peak
centered at 490 nm was chosen because it may provide insights into the affects of
changes in the environment resulting from the ligands and nanoparticle agglomeration 202.
The ASA system under direct ion or ligand excitation produced FWHM values ≈ 11 nm
regardless of the ligand to ion ratio. In both cases of direct ion and ligand excitation, the
spectral peaks are reasonably narrow (~9 nm for water and ~8 nm for methanol), though
not statistically different given the spectrometer slit-width (4 nm). The narrow emission
bands of the polymer nanocomposites produced with nanoparticles may be adequate for
the potential use in photonic devices.
An assessment of the sensitivity that may be exhibited by the peak centered at 490 nm to
its environment was performed by measuring the photoluminescence characteristics of
samples that were kept at room temperature (~ 25°C) and measuring those same samples
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after being chilled (~ 3°C). The chilled samples were placed in a freezer for three days
and were removed immediately before being placed in the instrument to be measured.
Shown in Figure A.6 are the emission spectra of the polymer nanocomposites at 3°C and
25°C under direct ion and ligand excitation.

Figure A.6: PMMA:ASA:Tb3+:LaF3 nanocomposites at 25°C (solid line) and 3°C (dotted
line) under direct ion excitation at 350 nm (dark green) and direct ligand excitation at 276
nm (light green) of nanoparticles synthesized in methanol
No difference was observed in the FWHM values of the samples held at room
temperature (water synthesized particles direct ion excitation ~ 9 nm and direct ligand
excitation ~ 9 nm; MeOH synthesized particles direct ion excitation ~ 7 nm and direct
ligand excitation ~ 8 nm) when compared to samples that were chilled (water synthesized
particles direct ion excitation ~ 9 nm and direct ligand excitation ~ 9 nm; MeOH
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synthesized particles direct ion excitation ~ 8 nm and direct ligand excitation ~ 8 nm) as
listed in Table A1.
Table A1: FWHM values of the 490 nm peak of PMMA:ASA:Tb3+:LaF3 at varying
nanoparticle synthesis methods and sample temperatures
Synthetic
Route
(Solvent)
1
(Water)
2
(MeOH)

FWHM (nm) of 490 nm
Sample
peak - Direct Ion
Temperature Excitation (λex = 350 nm)
3°C
9
25°C
9
3°C
8
25°C
7

FWHM (nm) of 490 nm
peak - Direct Ligand
Excitation (λex = 276 nm)
9
9
8
8

These findings are supported by the work of Richardson who stated that the relative
intensities of the 5D4→7FJ emissions (where the 5D4→7F6 transition, emission at 490 nm,
is one of the emissions that shows the greatest sensitivity) are sensitive to the nature of
the ligand environment but are not hypersensitive to be utilized as a diagnostic probe of
the complex ligand-ion structure 90.
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